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A B S T R A C T   

A simplified methodology is proposed for calculating the plastic collapse (limit) bending moment 
load of a pipe with a circumferential flaw with an emphasis on its application for use in the 
assessment of cracked offshore wind turbine monopile using failure assessment diagrams. The 
proposed methodology is based on the theory of net section collapse (NSC) but differs from 
existing approaches in that it does not need idealisation and categorisation of the crack before 
assessment. The proposed methodology is validated against results presented in literature and 
also finite element analysis results. Although it is possible to obtain limit loads using FE analysis, 
this is computationally expensive and time consuming. The proposed approach allows for near- 
instantaneous calculation of limit load for any arbitrary crack configuration and loading direc-
tion. This is a significant development for the analysis of offshore wind turbine monopiles as it 
allows the suitability of the cracked structure to be assessed in pseudo-real time.   

1. Introduction 

In 2016, 12% of the installed wind turbine capacity in Europe was older than 15 years. This share increases to 28% by 2020. These 
wind turbines will soon reach the end of their designed service life, which is typically 20 years. As a consequence, the wind industry 
needs to prepare for upcoming challenges such as, maintenance of aging assets, assessment of structural integrity, lifetime extension 
decision making, and decommissioning of turbines [1]. 

An aged structure is likely to already contain a flaw either due to manufacturing defects or through system loading. It is therefore 
necessary to assess its fitness for service to ascertain if the cracked structure will fail under applied load. One widely accepted method 
for assessing the acceptability of a flaw in a metallic structure is to plot its position on the failure assessment diagram (FAD) as 
prescribed in the industry standards such as BS 7910 - Guide to methods for assessing the acceptability of flaws in metallic structures 
[2]. 

The FAD delineates regions of safe operation based on data for different materials. The ordinate plots the fracture ratio, Kr; a 
measure of the susceptibility of the structure’s unstable brittle fracture calculated using linear elastic fracture mechanics. The abscissa 
plots the load ratio, Lr; a measure of the susceptibility of the structure to plastic collapse as is typical of less brittle or ductile materials 
where the microstructure allows for deformation/flow of the material. 

The load ratio, Lr is the ratio of the applied load to the limit load for a particular cracked component. Therefore, the accurate 
calculation of plastic limit loads is a cornerstone for assessing the acceptability of a cracked structure. 
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The limit load of a cracked structure may be determined from elastic-perfectly-plastic 3D finite element (FE) analyses. To do this, an 
elastic-perfectly-plastic material curve is assumed with the onset of plasticity set as the flow strength. Incremental load is applied to the 
structure until the magnitude of the applied load that causes global plastic collapse is achieved. This is signalled by the loss of static 
structural equilibrium due to excessive plasticity. The load applied at the final converged increment is the limit load [3]. 

The limit load analysis must be repeated if there is any change in the configuration. It is computationally expensive to set up and 
run these FE models. Thus, finite element analysis is not practical in situations where the crack geometry is constantly changing under 
the action of fatigue loads. 

Hence, a more efficient approach is required for the estimation of limit load for real time/pseudo-real time assessment of a cracked 
offshore wind turbine monopile subjected to cyclic loading. The objective of this paper is to introduce a more suitable and efficient 
methodology. It is noted that the proposed methodology is intended for use in the determination of load ratio, Lr for failure assessment 
diagram. The FAD approach is established and enshrined within international standards and design guidance such as BS7 910 [2]. The 
contribution made in this paper is in a better understanding and calculation of Lr for large diameter tubulars for use within the FAD 
framework and does not attempt to distinguish between ductile-brittle behaviour which is dealt with elsewhere. 

The remainder of this paper is organized as follows: Section 2 presents the formulation of the proposed approach. The validation of 
the methodology is presented in section 3. The results are discussed in section 4. The conclusions and outlook are presented in section 
5. 

2. Net section collapse 

Net section collapse (NSC) is a simple method originally developed in the Electric Power Research Institute (EPRI) project RP585 
[4] for determining the collapse load of a cracked pipe containing circumferential cracks. This approach is adopted by a wide range of 
industrial standards such as [5]. 

NSC analysis of cracked pipes in accordance with industrial standards typically involves idealisations of the crack geometry. For 
most applications, a crack is often idealised as either a semi-elliptical or constant depth. Rahman and Wilkowski [6] extended the NSC 
methodology to symmetrical flaws with complex shapes. Iwamatsu et al. [7] extended the methodology to allow non-symmetric flaws 
to be assessed by adding continuous shift angle. The shift angle allows the position of the coordinate axes which produce the minimum 
failure bending moment to be established. Several researchers such as Hasegawa et al. [8] and Iwamatsu et al. [9] have validated the 
use of NSC to determine the limit load of small diameter cracked pipes. This includes experimental validation against 304 stainless steel 
pipe with various number of circumferential cracks. 

To the best of the of the author’s knowledge, most research to validate NSC equations such as [8–11] have focused on small pipes 
(circa 114.3mm in diameter). There is little work validating the use of the NSC equations for use with large diameter cylinders. The 
NSC equations derived in this paper are intended for use with offshore wind turbine (OWT) monopile support structures which 
represent approximately 90% of commissioned offshore wind structures [12] and can be 6m in diameter [13]. OWT monopiles are 
fabricated by rolling and then welding thick structural steel plates in the longitudinal direction to produce “cans” which are then 
welded together circumferentially. Cracks in monopiles typically start from a surface flaw situated at the weld/parent metal interface. 
The crack grows gradually and may penetrate the wall thickness over time. 

Literature review indicates that net section collapse equations are typically generated for two conditions: entire crack is subjected 
to tension or crack is partially subjected to compression. The case where part of the crack is in compression is further divided into cases 
with crack closure and non-crack closure corresponding to geometries with tight and blunt cracks, respectively. The user must first 
categorise the crack to allow the selection of the appropriate set of equations. 

In this paper a generalised equation is formulated that is considered suitable for the limit load analysis of any crack located in either 
the tensile or compressive zones as long as the crack is capable of crack closure. For monopiles under compressive loads, the crack faces 
come into contact to transmit loads. This is a primary reason why the cracks do not grow when the stress is compressive. Thus, for these 

Fig. 1. Crack geometry and stress distribution.  
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structures, behaviour under crack non-closure is not relevant. 

2.1. Equation formulation 

The internal stress distribution (σ) in the wall of a pipe with external surface cracks is presented in Fig. 1. The cracks are assessed for 
Mode I loading which is typical for most fractures. For a crack subject to Mode I loading, the principal load is applied normal to the 
crack and tends to open the crack. Although the offshore wind turbine monopile is subject to various types of loads; compressive loads, 
shear forces and torsion, only bending moment loads are applicable to Mode I crack opening. 

The cracks shown in Fig. 1 are not symmetrical about the bending plane. The lack of symmetry means that the internal bending 
moment will have components in both x and y axes, thus, when the moments are integrated, they may not equate to the externally 
applied uniaxial bending moment. However, work by multiple researchers such as [7] show that the minimum collapse load occurs 
when the axis of the applied bending moment is symmetric with respect to the crack. Therefore, to obtain the minimum collapse 
capacity, the NSC assessment should consider load applied at the symmetric axis regardless of the actual bending axis. 

Two key parameters are noted in Fig. 1; the location of the neutral axis (N.A) which denote the line of zero stress due to applied 
bending load and the associated stress inversion angle β. 

A couple of simplifications are adopted for the purpose of generating the NSC equations. They are as follows:  

• It is assumed that the pipe can be classified as thin walled. For practical engineering applications, thin-walled assumption is 
adopted for pipes with ratio of diameter to thickness (D/t) greater than twenty. D/t for monopiles used in commercial OWT are in 
excess of this value [13].  

• For a monopile containing multiple co-planer cracks, the cracks are treated as a single crack spanning the entire circumference of 
the pipe. The crack depth is simply set to zero for the uncracked regions. The manipulation of the crack geometry in this manner 
removes the need to define the integration limit for each individual crack. 

For application of bending moment about an axis that is symmetric with respect to the crack profile, the internal stress system must 
satisfy equilibrium with the applied loads. 

The monopile is only subjected to compressive load due to the weight of the tower, nacelle, and rotors. Thus, the equation for 
tensile force equilibrium is as follows: 
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The monopile is subjected to a moment load due to wind loads on the tower and the nacelle. Thus, to satisfy moment equilibrium: 
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For a crack with a complex shape, it is not possible to define a closed function for the crack depth “a”, and thus obtain an analytic 
solution for the integral in equations (1) and (2). However, obtaining a solution by numerical analysis is trivial. 

Setting the internal stress (σ) to the flow stress of the material (σf) allows the calculation of the maximum moment that the structure 

Table 1 
Pipe Specimen Geometries [8].  

Specimen No. D (mm) t (mm) Flaw Depths Angle 
a1 (mm) a2 (mm) θ (deg) α (deg) 

DP 01 114.3 8.6 6.3 6.3 60 0 
DP 02   6.4 6.4 60 10 
DP 03   6.3 6.2 60 20 
DP 04   6.4 6.2 60 30 
DP 05   6.3 6.2 45 30 
DP 06   6.3 6.3 45 40  
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can withstand before plastic collapse. The collapse bending moment is obtained by solving equation (1) to obtain the value of β for the 
cracked geometry. β is then used in equation (2) to obtain the collapse moment. 

3. Validation of proposed methodology 

3.1. Literature 

Limit load values obtained using the methodology presented above are compared to values found in literature. Hasegawa et al. [8] 
performed theoretical calculations and also obtained experimental values for geometries containing constant depth, internal 
circumferential flaws with a material flow strength of 425 MPa. The geometry considered in the research work is summarized in 
Table 1. 

Fig. 2 shows that the proposed methodology agrees with the calculated values from Hasegawa et al. [8]. Both calculated values are 
correlated well (<10% difference) with the experimental results thus validating the NSC approach for limit load calculation 

3.2. Finite element analysis 

The validation case presented in section 3.1 is based on a small diameter pipe. There is a valid question concerning the applicability 
of Net Section Collapse to large diameter cracked pipe. Due to the scale of the geometry, it is not practical to perform physical testing to 
obtain limit loads of cracked monopiles. An alternative method for systematic validation is to use finite element (FE) analysis. 

FE limit load analysis is a well-established method for predicting plastic collapse. The process involves the application of an elastic- 
perfectly-plastic material curve to the structure with the onset of plasticity set as the material flow strength. Incremental load is applied 
to the structure until the structure cannot carry more load. This is signalled by the loss of static structural equilibrium. The load applied 
at the final converged increment is the limit load [14]. Confidence in the FE limit analysis is gained by comparing results obtained 
against the idealised plastic limit load solutions for uncracked pipe. 

The monopile used for validation has an outer radius, ro of 3m, inner radius, ri of 2.9m and wall thickness, t of 100mm in line with 
typical sizes of existing monopiles in various wind farms across Europe as reported in Ref. [13]. The length of the monopile is set as 
40m which is the typical water depth of monopile foundation installations [15]. S355 steel is the most common material used in the 
fabrication of monopile support structure [16]. The material properties for S355 steel are as follows; the minimum yield strength, σY is 
taken as 335MPa, the tensile strength, σu is taken as 470Mpa, the modulus of elasticity, E is 210Gpa [17]. The flow strength is taken as 
402.5Mpa which is the average of the yield and ultimate tensile strength. 

The monopile is modelled in the finite element software package, ABAQUS [18]. The FE model is pinned at one end. The moment 
load is applied to a reference point coupled to the free surface generating a pure bending load in the monopile. The crack is located at 
the longitudinal midspan of the monopile. The reader is directed to the Abaqus manual [18] for further discussion on crack modelling 
within the software. To avoid problems associated with incompressibility, quadratic reduced integration elements within ABAQUS 
(element type: C3D20R) are used [19]. A schematic FE model is presented Fig. 3. The implementation of the boundary condition and 
reference point for moment load application is shown in Figure 3a. The variation of element size around the crack region is shown in 
Fig. 3b and in Fig. 3c. 

4. Results and discussion 

The results of the FE analysis validation for various crack cross-sections using the pipe geometry is presented below. Firstly, the 
proposed methodology is validated against cracks of various depth/pipe thickness (a/t) ratios, and half angle, θ. Each crack is a 
constant depth external surface crack and symmetrical about the applied moment axis. 

Fig. 2. Comparison of Collapse Moment using Proposed Methodology and Hasegawa Data [8].  
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Fig. 4 shows that the proposed methodology gives the same outcome as results obtained from the application of the widely accepted 
R6/Fitnet procedures [5]. The results using the proposed methodology are also similar to the values obtained from FE analysis with a 
maximum deviation below 10% for crack half angles below 60◦. The deviation increases as the crack becomes very large relative to the 
pipe. This points to some limiting condition for the applicability of Net Section Collapse theory to obtain limit loads for cases where the 
crack is very large relative to the monopile section. However, the likelihood of such cracks existing in reality is questionable given the 
increased risk of brittle fracture for large cracks. 

Furthermore, the limiting loads from FE analysis are consistently larger indicating that results obtained from the proposed 
methodology are conservative. This is consistent with literature [19] [20] as well as limit loads obtained from the industry code R6 [5]. 
It is known that these analytical solutions derived from simple equilibrium stress fields and yield criterion such as Tresca or Von Mises 
tend to under-predict actual limit loads, but the degree of conservatism is difficult to quantify. The conservatism in predicting plastic 
collapse loads using these methods may be one reason for their adoption as they should inherently lead to a safe design.For all cases, 
the plastic limit load defaults to the uncracked pipe value when θ or a/t = 0 granting confidence in the methodology. 

One advantage of the proposed methodology over the existing approaches is that there is no need to categorise cracks into those 
entirely in the tension zone and those straddling the compression zone. In existing approaches, the categorisation is then used to select 
the appropriate equations to determine the limit load of the cracked geometry. Mathematically, the categorisation is implemented by 
checking if θ+β ≤ or ≥ π. This is problematic as β is in itself an outcome of the net section collapse calculations. The proposed 

Fig. 3. Finite Element Model & Crack Depth Distribution vs angle.  

Fig. 4. Limiting bending moment for various crack geometry.  

A. Fajuyigbe and F. Brennan                                                                                                                                                                                        



Marine Structures 83 (2022) 103164

6

methodology is valid for cracks located in both the tension and compression zone as is shown in Fig. 5(a). The plot shows that the limit 
load plateaus as θ+β> π. This is because part of the crack is now in the compression zone and is able to transmit load in the same 
manner as an uncracked pipe. 

Another advantage of the proposed methodology is the ability to determine the limiting bending moment applied at an axis that is 
not symmetrical to the crack profile. The practical implication is that limiting load can be determined for loading applied to the pipe in 
any arbitrary direction. This is particularly useful for offshore wind turbine monopile where environmental loads affect the structure 
from various directions. As shown in Fig. 5(b), the limiting bending moment increases as more of the crack profile moves into the 
compression zone relative to the axis of the applied moment. The limiting moment reaches the value for uncracked pipe when the axis 
of the applied moment is oriented such that the applied moment tends to close the crack (γ = 180◦). 

4.1. Variable crack analysis 

Current NSC design guidelines such as R6/Fitnet [5] require a crack to be categorised as either semi elliptical or constant depth for 
the estimation of plastic limit load. Real cracks can have an arbitrary profile. Crack shape idealisations such as semi-elliptical or 
constant depth can lead to under estimation of the plastic collapse load. Cracks with arbitrary shaped profile can be assessed using the 
methodology proposed in this paper. 

Fig. 5. Capability of new methodology.  

Fig. 6. Variable crack profile.  
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A crack with a variable depth is modelled in the monopile geometry presented above. The crack depth/pipe thickness ratio (a/t) 
varies between a/t of 0.4 and 0.6. The crack’s half angle (θ) is 60◦. 

The crack profile is illustrated in Fig. 6. The limit bending moment obtained from calculations and finite element analysis are 
presented in Fig. 7. Results are presented for constant cracks with a/t of 0.4, 0.5, 0.6 and the variable crack in Fig. 7. All cracks have a 
half angle (θ) of 60◦. The results show that limit load for a crack with variable depth is between the bounding limits of results for a/t =
0.4 and a/t = 0.6. The results for the variable crack are also similar to the results for a constant crack with a/t = 0.5. This is also 
expected as the area of loss ligament for the variable is equivalent to a constant crack depth with a/t = 0.495. From the comparison, it 
is clear that the plastic collapse bending moment load for a variable crack is well predicted by the methodology proposed in this paper. 

5. ConclusionS 

This paper presents a methodology for calculating the plastic collapse (limit) bending moment load of a pipe with a circumferential 
flaw with an emphasis on its application in the assessment of cracked offshore wind turbine monopiles. The limit load is a key 
component of the calculation of the load ratio which is used in the assessment of the fitness for purpose of a cracked structure. The 
methodology proposed in this paper is based on the theory of net section collapse (NSC) but differs from existing approaches in the 
following ways:  

• The crack does not need to be categorised as occupying the tensile or compression zone.  
• For multiple cracks, there is no need to define the span limits of each individual crack in the pipe geometry.  
• The crack shape does not need to be idealised as either semi-elliptical or constant depth.  
• The crack does not need to be symmetrical about the axis of the applied bending moment. 

The proposed methodology is validated against results presented in literature and also finite element analysis results. Although it is 
possible to obtain limit loads using FE analysis, this is computationally expensive and time consuming. The proposed approach allows 
for near-instantaneous calculation of limit load for any arbitrary crack configuration and loading direction. This is a significant 
development for the analysis of offshore wind turbine monopiles as it allows the suitability of the cracked structure to be assessed in 
pseudo-real time. 
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Fig. 7. Variable crack results.  
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