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Abstract

:

This study introduces a Finite Element (FE) hybrid methodology for analyzing deepwater offshore oil and gas floating production systems. In these systems, flexible risers convey the production and are connected to a balcony on one side of the platform. The proposed methodology couples, in a cost-effective manner, the hydrodynamic model of the platform with the FE model that represents the risers and the mooring lines, considering all nonlinear dynamic interactions. The results obtained and the associated computational performance are then compared with those from traditional uncoupled analyses, which may present inaccurate results for deepwater scenarios, and from fully coupled analyses that may demand high computational costs. Moreover, particular attention is dedicated to integrating global and local stress analyses to calculate the fatigue resistance of the flexible riser. The results demonstrate that the coupled global analyses adequately capture the asymmetric behavior due to all risers being connected to one of the sides of the platform, thus resulting in a more accurate distribution of fatigue damage when compared to the uncoupled methodology. Also, fatigue life is significantly affected by adequately considering the coupling effects.
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1. Introduction


Deepwater offshore oil production activities have been performed mainly by floating production systems (FPS) such as ship-shaped Floating Production, Storage, and Offloading (FPSOs) vessels. They offer a relatively cost-effective and fast solution with high storage capacity so that they can operate in remote fields. For instance, in Brazilian offshore pre-salt areas, this type of vessel has been installed at an average depth of 2000 m and 300 km from the coast [1].



In FPSs, slender structures such as risers, umbilicals, and mooring lines connect the bottom of the sea to the platform, configuring the typical deepwater offshore scenario for oil and gas exploitation. These structures are designed considering 10-year and 100-year extreme environmental conditions of wave, wind, and current and their directional distributions. Besides extreme conditions, typical operational scenarios must also be addressed due to structural fatigue concerns.



The first decision in FPSO deployment usually is to choose between a “spread mooring” system, where an array of mooring lines distributed along the vessel hull restrains its rotation (nowadays, generally associated with a riser balcony), and a “turret mooring” system that allows the vessel to weathervane according to prevailing waves, winds, and currents, effectively reducing overall mooring forces. The spread mooring configuration costs are usually lower than those related to turret moorings; also, spread moorings are typically best suited to locations in West Africa and Brazil [2] due to the predominance of a current direction during the year.



Regarding the risers that convey the oil and gas production to an FPSO, selecting the best configuration for deepwater is also heavily influenced by the geographical location and the prevailing weather conditions, considering the environmental challenges that each region presents. Still, the main objective is ensuring optimal system performance and reliability. Usually, the free-hanging flexible riser shown in Figure 1 has been the preferred choice in moderate offshore environments typical of Brazilian scenarios.



Despite their relatively higher cost, flexible risers are considered a suitable solution in those scenarios compared to steel (rigid) risers because they are somewhat simpler to transport and install. In addition, their complex, multilayered structure ensures low bending stiffness, high compliance, and high resistance to torsion, tension, and internal and external pressures. The mechanical characteristics of a flexible pipe are guaranteed by a set of metallic and polymeric layers, as shown in Figure 2: an inner carcass to prevent internal collapse, a pressure armor, and two or four layers of helical wires, named tensile armors, that are counter-wound. The polymeric layers, in turn, minimize friction between the metallic layers, prevent seawater ingress and internal fluid leakage, and insulate the pipe [3].



Generally, riser analysis comprises two analysis types. The first is the global analysis, which involves modeling the entire length of the pipe (as shown in Figure 1), typically with three-dimensional beam finite elements, to obtain the loads acting in its cross-sections. The second is the local analysis, which evaluates the stresses induced in each layer considering the loads calculated in the global analyses.



In deepwater scenarios, the top section of the riser is subjected to high tensile loads, which combine with significant bending moments. Moreover, the contact region with the seabed touchdown zone (TDZ) experiences high hydrostatic pressures associated with bending moments. Altogether, this scenario is highly favorable to fatigue failure that may be aggravated by stress corrosion cracking (SCC) [6]. Indeed, the performance of flexible risers in the offshore fatigue context is not a recent concern [7,8,9]; codes, standards, and a set of theoretical studies have been developed to establish the best practices for flexible risers analysis [3,10,11]. The main difficulties consist of knowing their design limits and, more importantly, determining the loads to which they would be subjected in service.



In this context, the numerical simulation of such systems employing FE-based methods is an essential tool for their design. Particular attention should be dedicated to the nonlinear dynamic interactions between the vessel and the lines connected to it. Traditionally, on shallower waters, global analyses using uncoupled models, where the vessel and the lines are analyzed separately, provided good approximations for efforts and displacements. However, in deepwater scenarios, the effects of the elastic, damping, and inertial forces of the risers and mooring lines begin to interfere with the vessel response, indicating that coupled analysis would be required [12]. Moreover, variations in damping ratio and mass coefficients concerning vessel motion were reported across distinct coupling levels. The concern with such nonlinear dynamic interactions began when [13] observed that for TLPs (tension leg platforms), the higher the water depth, the greater the influence of the nonlinear behavior of the tendons on the vessel. This study already noted that the motions of each system element (platform, mooring tendons, and production lines) could not be considered independently. Further on [12], the behavior of a platform with turret-type mooring for different water depths was studied, including a deepwater scenario (2000 m). The uncoupled analysis of these vessels proved inaccurate when calculating the vessel offsets for low-frequency wave motions and tension on lines.



Innovative approaches to riser and mooring analysis methodologies, encompassing different levels of design integration, have been investigated in [14] where an accurate semi-coupled approach was presented that offered good results when considering a full nonlinear static coupled analysis to find the mean equilibrium position of the FPS, which was then used to calculate the new degrees of freedom of the vessel. After that, dynamic analyses were performed.



The present work proposes to take the next step towards a coupled dynamic analysis methodology, initiated by [15,16], but this time focusing on the fatigue context. Special attention is dedicated to applications on deepwater and ultra-deepwater scenarios involving FPSOs with numerous mooring lines and risers featuring a riser balcony on one side. For such applications, ref. [15] highlighted the substantial influence of nonlinear stiffness, inertia, and particularly damping effects from the lines on the hull dynamic behavior. Those studies have shown that the motions of the top connections of the risers are influenced by the coupling of the lines to the hull, resulting in asymmetric responses of vertical displacement in these top connections and an asymmetric response of the roll motion. These responses are due to the high number of lines in the riser balcony and the ultra-deepwater context, which increases the structures’ self-weight and damping. Moreover, this coupling effect gains prominence since coupled roll motion RAOs (Response Amplitude Operators) generated through time-domain coupled analyses using FE software exhibit notably lower energy content and asymmetry, which cannot be observed in traditional uncoupled analysis. Thus, as the roll motion is critical for the fatigue effects in the lines, together with the heave motions and tension, this work investigates the influence of the coupling of the roll and heave motions on the fatigue life of flexible risers in such deepwater scenarios.



Another aspect addressed in this work is that, in general, coupled analysis studies have been conducted with a global approach, observing the hull behavior, global dynamic tensions, and moments on the lines. Now, having noted the asymmetric behavior of the FPSO with a riser balcony reported in the previous studies and considering the coupling of the hull with the mooring lines and risers, the objective here is to investigate the fatigue damage with local models that consider the different layers of the risers’ cross-section via coupled and uncoupled analyses. The goal is to demonstrate that the asymmetric behavior captured by the coupled analyses results in a different distribution of fatigue damage compared to the uncoupled methodology.



The remainder of this article is organized as follows. Initially, Section 2 describes the classical uncoupled methodology for the global analysis of FPSs and then outlines the primary concepts of coupled methodologies. Section 3 addresses the local analysis of flexible risers by revisiting a previously proposed approach to calculate fatigue damage in the tensile armors of these structures. Section 4 states the methodology proposed in this study, and Section 5 delineates the case study that illustrates the application of the coupled methodology for fatigue life calculation, taking an actual spread moored FPSO operating in a deepwater scenario. Finally, Section 6 discusses the results obtained, and Section 7 states the main conclusions of this study.




2. Review of Methodologies for the Global Analysis of FPSs


2.1. Classical Procedure for Riser Analysis: Uncoupled Methodology


Uncoupled methodologies use numerical tools based on formulations that do not consider the nonlinear interaction between the hull and the lines. The first step involves analyses to obtain the vessel’s motions in its six degrees of freedom, i.e., the three translations (Surge, Sway, and Heave) and the three rotations (Roll, Pitch, and Yaw). In these analyses, the mooring lines and risers are represented by simplified models (e.g., as scalar coefficients), obtaining vessel motions in terms of static offsets, low frequency (LF), and wave frequency (WF) components. The latter is expressed as transfer functions or Response Amplitude Operators (RAOs) [17,18,19], a set of coefficients that linearly correlates the first-order vessel motions with the wave amplitudes, assuming a linear relationship between the wave amplitude and the resulting wave forces or motions for each given wave period. The vessel RAOs are usually calculated in the frequency domain, employing programs based on radiation/diffraction models. The vessel is modeled as a three-dimensional rigid body assuming small unsteady motions relative to the body’s wavelength and relevant length scales. The panel method models the body surface and calculates the body’s hydrodynamic pressure, loads, and motions, as well as the pressure and velocity in the fluid domain [20].



To calculate the RAO of forces and moments     S   R A O       ω   f       resulting from first-order effects, wave spectra     S   ζ       ω   f       combined with the transfer function   R A O     ω   f       are used as in Equation (1).


    S   R A O       ω   f     =   S   ζ       ω   f     R A O       ω   f       2      



(1)







The wave energy spectrum is the distribution that represents each frequency’s contribution to an irregular sea’s energy. Figure 3 gives a graphical interpretation of the meaning of a wave spectrum and how it relates to the waves. The irregular wave history in the time domain,   ζ   t    , function of the time t, can be expressed via Fourier series analysis as the sum of many regular wave components, each with its frequency, amplitude, and random phase in the frequency domain. The value ½    ζ       ω   f       2   / Δ   ω   f    , associated with each wave component is plotted vertically, representing the wave energy spectrum     S   ζ       ω   f      .



The second step of the uncoupled methodology consists of performing nonlinear global dynamic FE analyses to obtain tensions, bending moments, and curvatures of the mooring lines and risers modeled. In these analyses, the lines are represented by three-dimensional truss and/or beam finite elements, and the vessel motions obtained in the first stage are introduced as boundary conditions at the connection points of the lines, calculated from the obtained RAOs. Moreover, such analyses are usually performed in the time domain to correctly represent all nonlinear effects, including the drag forces. The dynamic analyses may be simplified by considering deterministic regular waves or irregular sea-states defined by spectral models such as the JONSWAP spectrum discretized in the time domain by an ensemble of regular wave components.



This uncoupled approach has been widely used in extreme, fatigue, and interference analyses due to its easy implementation and low computational cost. It may give acceptable results for shallow water scenarios, where nonlinear restoring forces, damping, and inertia effects from mooring lines and risers have a minor influence on the vessel motions. However, it involves several simplifications, mainly disregarding the nonlinear interaction between vessels and lines. Refs. [18,19] have pointed out that the advance of offshore oil production towards ultra-deepwater scenarios would require more accurate design methodologies in which each component of a floating system (vessel, mooring lines, and risers) no longer can be considered separately but rather as a coupled system, confirming pioneering studies, such as those presented by [12,22]. That is, increasing water depth leads to increased contribution of the mass and damping of mooring lines and risers [17]. Hence, the system’s overall behavior is dictated not only by the hydrodynamic behavior of the hull but also by its interaction with the hydrodynamic–structural behavior of the lines.




2.2. Coupled Methodology


The lines and hull are no longer considered separate domains in fully coupled analysis methodologies. Coupled analyses can simultaneously generate the vessel motions and the structural response of mooring lines and risers; they are based on a full-time-domain method and a rigorous representation of the lines by FE models to consider all nonlinearities involved in the system’s dynamic response. Moreover, coupled models implicitly evaluate these components under the same environmental loading matrix.



Jacob et al. [16] studied alternative coupling formulations named “weak coupling” WkC and “strong coupling” StC. The WkC formulation focuses on the equations of motion of the vessel: the coupling between the hydrodynamic model of the vessel and the hydrodynamic/structural model of the lines is performed by forces acting on the right-hand side of the vessel equations. At each time step of the time integration of the hull equation, the body motions are prescribed at the connection nodes of the FE models for each line. The resulting forces at the top of the lines are then applied to the platform.



On the other hand, in the StC formulation, the FE matrices of mass, damping, and stiffness from all mooring lines and risers are assembled, forming a single set of equations and a single global matrix, where the hull is considered as a “node” of the model. The whole system (hull and lines) is treated as a single domain, and the system of equations is solved using a single numerical integration algorithm.



However, since it groups all the finite element meshes of the lines, the StC formulation requires a significant amount of computational memory, having a high computational cost. Thus, this work considers the WkC formulation since previous studies [16] have demonstrated that it presents accurate results for typical applications of FPSs.




2.3. Hybrid Methodologies


Strictly speaking, the so-called “fully coupled” methodology involves using highly refined FE meshes to provide detailed structural responses, demanding high computational effort. Hence, the goal of obtaining a balance between accuracy and computational efficiency may be reached by “hybrid” methodologies.



Different procedures may comprise these methodologies, such as using an equivalent vertical cylinder to represent the drag forces from risers and mooring lines [23]. Another hybrid approach employs static analysis on a three-dimensional FE model to derive a restoring force vs. displacement curve for calibrating traditional springs, simulating riser elastic stiffness. Further options involve incorporating coefficients calibrated through decay tests to emulate line damping and the introduction of scalar mass coefficients to approximate the system mass. A “coupled motion analysis” has been proposed in [22]. The risers are modeled with coarse FE meshes that are not refined enough to provide a detailed structural response but are sufficient to obtain more accurate vessel motions considering the nonlinear dynamic interaction between the vessel and lines. Subsequently, uncoupled analyses of each riser are performed, applying these vessel motions and using refined FE meshes to obtain their structural response. Additionally, ref. [14] presents a semi-coupled three-step procedure to reduce computational costs in coupled methodologies.




2.4. Formulation of the Equations of Motion


In this work, the coupled analyses have been performed using the in-house, non-commercial SITUA-Prosim nonlinear dynamic analysis program [16]. This section summarizes the formulation of the equations of motion that describe the vessel (represented as a rigid body defined by its global geometric, hydrodynamic, and mass properties) and its mooring lines and risers (represented by FE meshes of three-dimensional truss and beam finite elements), and the solution methods employed to solve the equations.



The exact large amplitude equations of motion of the vessel [24] comprise the following set of twelve first-order differential equations, with the unknown variables being   v  ,   x  ,   ω   and   θ  , which are three-dimensional vectors with, respectively, the translational and angular components of velocities and the position of the body as functions of time:


    d v   d t   =   M   h   − 1   f ,           d ω   d t   =   I   h   − 1     m − ω ×     I   h   ω      



(2)






    d x   d t   = v ,           d θ   d t   =   B   − 1   ω    



(3)







In these equations, the 3 × 3 matrices     M   h    ,     I   h     and   B   are, in this order, the diagonal matrix with the dry mass of the hull, the moments and products of inertia, and a rotation matrix with sines and cosines of the Euler angles. Vectors   f   and   m   are the external forces and moments due to the environmental loadings of wind, wave, and current. The hydrodynamic wave forces are evaluated by taking the first-order exciting force RAOs and the second-order drift force coefficients, both available from previous analyses employing the WAMIT [20] hydrodynamic radiation/diffraction analysis program. As demonstrated in [16], Equations (2) and (3) can be rewritten in the following matrix form:


         M   h   +   A   h       B   h         C   h       I   h   +   D   h               d v   d t         d ω   d t        =        f   1         m   1   − ω ×     I   h   ω         



(4)




where     f   1     and     m   1     are force and moment terms that depend on the position, velocity, and time but do not depend on the acceleration. The matrix in brackets on the left is the augmented 6 × 6 global mass matrix. Besides submatrices     M   h     and     I   h    , it also includes the added mass matrices     A   h     and     D   h     updated at every time step, and the coupling added mass terms     B   h     and     C   h    . Equation (4) may be solved using different dynamic solution algorithms, including the fourth-order Runge–Kutta time integration method.



The nonlinear structural dynamic behavior of the mooring lines and risers is described by equations of motion that arise from the Finite Element (FE) spatial discretization. These can be written as follows, the unknowns being acceleration, velocity, and displacement vectors     u  ¨    t    ,     u  ˙    t     and   u   t     (each component corresponding to a degree of freedom of the FE mesh):


  M   u  ¨    t   + C   u  ˙    t   + R   u   t     = F   u , t    



(5)




where   C   is the Rayleigh proportional damping matrix   C =   ∝   m   M +   α   k   K  , [25] a linear combination of the global mass and stiffness matrices   M   and   K   assembled from the contributions of the corresponding matrices from each finite element;   R ( u )   is a vector of internal elastic forces (nonlinear function of the unknown displacements   u  ); and   F   is the vector of external loads (also a nonlinear function of   u  ), which includes the dead-weight and environmental loadings of wave and current via the Morison formulation [26,27], Equation (5) is solved by an implicit variant of the Newmark [28] time-integration algorithm [29] with numerical dissipation to eliminate spurious high-frequency components. The implementation of this algorithm is associated with the Newton–Raphson (N-R) method to deal with nonlinear effects [25]. This implementation consists of writing the following time-discretized, incremental-iterative form of Equation (5):


     M   a   n + 1   k   + C   v   n + 1   k   +   K   T   ∆   d   k   =   F   n + 1   − R     d   n + 1   k − 1     ,       d   n + 1   k   =   d   n + 1   k − 1   + ∆   d   k       



(6)







Here, the original unknowns     u  ¨    t    ,     u  ˙    t    , and   u   t     from Equation (5) are replaced by     a   n + 1   k    ,     v   n + 1   k     and     d   n + 1   k    , their discrete approximations expressed at the time     t   n + 1    . The superscript k represents the N-R iteration count—recalling that the N-R method is based on assuming a linearization in the neighborhood of the displaced position corresponding to the instant     t   n + 1    . This linearization is performed by expressing the nonlinear vector of elastic internal forces   R (   d   n + 1   )   as a truncated Taylor series that includes the tangent stiffness matrix     K   T     and the vector of incremental displacements   ∆   d   k    . A detailed formulation of the implementation of an implicit Newmark time integration algorithm in association with the N-R technique may be found in [30]. A summary of the procedures for each time step of the solution of Equation (6) may be found in [16].



Considering the WkC formulation that has been described in Section 2.2, at a given time step of the algorithm that solves the hull motion equations Equation (4), one or more steps of the Newmark method to solve Equation (6) are performed independently for the FE model of each line, with the components of hull motion (obtained from the previous time step) prescribed at the top of the line, and under the action of environmental loadings. The results of these FE analyses are forces and moments at the top of all lines. In the next step, these forces are accumulated in vectors   f   and   m   at the right-hand side of Equation (4) and added to environmental forces due to wind, wave, and current acting on the hull. The computational implementation for each time step of the WkC scheme is detailed in [16].





3. Fatigue Analysis


3.1. Riser Wave Fatigue Analysis—General Procedure


The traditional calculation of the fatigue life of a flexible riser for wave loading can be synthesized in four main steps [3]: (1) selection of loading cases, (2) RAO computation and global analyses, (3) local analyses, and (4) damage and fatigue resistance calculations.



The selection of loading cases may rely on the choice of the highest waves, wave periods close to the vessel resonance period, and critical directions (e.g., waves perpendicular to the bow–stern axis tend to be more critical for FPSOs). A discussion on this aspect is not the purpose of this work, but further details can be found, e.g., in [4].



The global analysis strategies were discussed in Section 2, and regardless of the chosen approach, the global analyses provide the load histories (tension, curvatures, and internal and external pressures) at each cross-section of the analyzed riser.



Nevertheless, flexible risers have a complex, multilayered internal structure, and calculating stresses in these layers is not straightforward. Hence, local analyses rely on specific models that estimate the stresses in each structure’s layers, typically accounting for the nonlinearities imposed by the cyclic axisymmetric and bending loads. Moreover, although fatigue may occur in any layer of a flexible pipe, the tensile armors are especially prone to this failure mechanism, and, therefore, only the stress histories in these armors are considered for fatigue purposes [3,17,31].



Once the stresses in the tensile armors are determined, fatigue damage in each point of interest is calculated. The number of stress cycles is initially counted with the Rainflow [32] technique for each stress time history. Then, the fatigue damage associated with each stress cycle is evaluated with an S-N curve, whose choice depends on the operational conditions. Finally, fatigue damage is accumulated, assuming the validity of the Palmgren–Miner rule, and the fatigue resistance in each section is represented by the maximum damage value obtained for all processed points.



Next, the local analysis procedure employed in this work is described, followed by the fatigue calculation approach.




3.2. Local Analysis


The local analysis of flexible risers employs the time histories of tensions and moments obtained in the global analyses, combined with the acting internal and external pressures, to calculate the stresses in the layers of the studied riser in each of its cross-sections. However, most available models cannot analyze the combined effect of the axisymmetric (tension and pressures) and bending loads. Therefore, these loads are analyzed in different models, and the obtained responses are superimposed [4].



The strategies to predict the flexible riser’s axisymmetric and bending responses are presented in what follows. These strategies rely on those proposed by [5] but are limited to assessing the tensile armor layers of flexible risers, as these armors are especially prone to fatigue failure.



3.2.1. Axisymmetric Loads


The existing literature has proposed several models for analyzing flexible pipe cross-sections [17]. A predominant consensus among these models is that the reaction of such structures to pure moderate axisymmetric loading, such as pure tension   T  , axial compression   C  , internal pressure     P   i n t     and external pressure     P   e x t    , or torsion     T   O    , is generally linear. Consequently, the superposition principle is valid, allowing the determination of any quantity     X   a x     related to the response of a flexible pipe with:


    X   a x   =   φ   1   < a x , X >   ⋅ T +   φ   2   < a x , X >   ⋅ C +   φ   3   < a x , X >   ⋅   P   i n t   +   φ   4   < a x , X >   ⋅   P   e x t   +   φ   5   < a x , X >   ⋅   T   O    



(7)




where   X   may be, e.g., the axial elongation or twist of the pipe, an interface contact pressure (or gap), or stress in an armor layer or sheath; and     φ   j   < a x , X >    ,   j =   1 to 5 are response coefficients that convert the imposed loading to the quantity     X   a x    .



However, [4] emphasized that the validity of Equation (7) for combined axisymmetric loading hinges on the previous knowledge of the interface contact conditions and the nature of the acting stresses (tension or compression) in the high-strength tape (if present). If these conditions are previously known, Equation (7) can be applied by considering the appropriate set of response coefficients     φ   < a x , X >    .



Through a series of local mechanical analyses utilizing the proprietary FE mesh generator RISERTOOLS, [4] identified 16 possible deformed conditions of a typical flexible pipe under combined axisymmetric loading, each characterized by a specific set of interface contact conditions, type of stress in the high-strength tape, and annulus state (The annulus is the space between the internal pressure sheath and outer sheath. Fatigue life assessments shall be performed for both dry-vented annulus(dry) and seawater-flooded annulus (wet);) [10]. Moreover, each deformed configuration may be recalled by conducting five different FE analyses with the proper axisymmetric load combination, as indicated by [4]. Once these analyses are carried out, the response coefficients     φ   < α x , X >     may be obtained with Equation (7) and stored to form the axisymmetric response matrix of the pipe.



Given a set of axisymmetric loads, the response matrix initially identifies which deformed configuration was induced in the pipe by using Equation (7) and verifying whether the hypotheses associated with each of the 16 possible conditions were violated. The valid deformed configuration has adequate contact conditions and stress in the high-strength tape. Then, using the stored coefficients related to the normal stress in a tensile armor     φ   j   < a x , σ >    , the normal stresses in the tensile armor layers are calculated with:


    σ   x   a x   =   φ   1   < a x , σ >   ⋅ T +   φ   2   < a x , σ >   ⋅ C +   φ   3   < a x , σ >   ⋅   P   i n t   +   φ   4   < a x , σ >   ⋅   P   e x t   +   φ   5   < a , x σ >   ⋅   T   O    



(8)







If time histories of loads are informed, the axisymmetric response matrix is employed at each time step, i.e., the deformed configuration is checked, and the normal stresses in the tensile armors are calculated and stored. This procedure demands low computational resources, allowing a speedy computation of large time histories [4]. Moreover, its accuracy is discussed in [33] by comparing the responses predicted by the FE model generated in RISERTOOLS with the responses from experimental tests.




3.2.2. Stresses Due to Bending Loads


The response of a flexible pipe to bending depends on the curvature imposed on the pipe. Several authors describe this response as a stick-slip mechanism activated by the interface contact pressures induced by the axisymmetric loading. For small curvatures, friction between adjacent layers prevents their relative slippage. Hence, axial forces are induced in the armors, and friction forces of the same magnitude oppose these forces. This mechanism leads to an initial linear bending moment vs. curvature relation with high tangent stiffness, named no-slip bending stiffness   E   I   n s    , as seen in Figure 4. As curvature increases, interlayer friction is progressively surpassed, allowing the layers relative movement. This slippage reduces the tension increase in the extrados of the pipe and decreases compression in its intrados, thereby reducing the tangent stiffness of the pipe. This stiffness decreases until friction forces are fully overcome and the tensile armor is free to slip. At this point, the tangent stiffness reaches a lower limit value than the no-slip one. This lower limit is called full-slip bending stiffness   E   I   f s    . Moreover, the curvature at which the interlayer friction is overcome is called critical curvature,     κ   f    , and the associated bending moment is named the internal friction moment     M   f    . Figure 4 schematically shows this mechanism.



If cyclic bending loads with curvatures below the critical threshold are imposed on the pipe, the relationship between the bending moment and curvature follows a linear pattern (depicted as path OAB in Figure 4). On the other hand, surpassing the critical curvature results in a nonlinear relationship between the bending moment and curvature, which can be approximated by either the bilinear curve illustrated in Figure 4 (path OAC) or a multilinear curve [17]. During unloading, when the curvature is reversed, internal friction initially prevents the armors from sliding as axial forces, induced by the imposed curvature, decrease. The tensile armors undergo reloading after surpassing a curvature equivalent to the critical value. A new curvature increment equal to the critical value triggers their relative slide (depicted as path CDE in Figure 4). This mechanism induces a hysteresis loop in which the area between the parallel lines shown in Figure 4 is proportional to the energy dissipation by friction.



Typically, the global analyses assume a linear relation between bending moments and curvatures based on the full-slip parameters. However, a nonlinear relationship between curvatures and stresses in the armor is demanded, as different stress components arise in the no-slip and full-slip phases. According to [4], when a flexible pipe undergoes a curvature increment   Δ κ =   Δ   κ   x   , Δ   κ   y       from a deformed configuration 1, with a total curvature of     κ   1   =     κ   x 1   ,   κ   y 1      , to a deformed configuration 2 with total curvature     κ   2   =     κ   x 2   ,   κ   y 2      , the relation between these two conditions is given by:


    κ   2   =   κ   1   + Δ κ  



(9)







In all deformed configurations, the total curvature exerted on a flexible pipe is divided into two components. The first component,     κ   f   = (   κ   f y   ,   κ   f z   )  , is assigned to the phase without sliding between its layers. The second component,     κ   e   =     κ   e y   ,   κ   e z      , is associated with the phase in which the layers can slide freely. Thus, the total curvature can be expressed as follows:


  κ =   κ   e   +   κ   f    



(10)







Additionally, if the initiation of relative sliding for the tensile armors is assumed to occur when the total curvature modulus surpasses the internal friction curvature     κ   f     and considering that the orientation of the frictional moment is influenced by both the curvature increment and the current level and direction of the friction force, the magnitudes of the normal and binormal stresses in a tensile armor are [4]:


    σ   x 2   n , y   =         φ   2   < b >   ⋅   κ   e y 1   +   φ   1   < b >   ⋅ Δ   κ   y   *   ,   i f   p ≤ 1         φ   2   < b >   ⋅   κ   e y 1   +   p − 1   p   ⋅   φ   2   < b >   ⋅ Δ   κ   y   *   +   1   p   ⋅   φ   1   b   ⋅ Δ   κ   y   *   ,   i f   p > 1        



(11)






    σ   x 2   n , z   =         φ   2   < b >   ⋅   κ   e z 1   +   φ   1   < b >   ⋅ Δ   κ   z   *   ,   i f   p ≤ 1         φ   2   < b >   ⋅   κ   e z 1   +   p − 1   p   ⋅   φ   2   < b >   ⋅ Δ   κ   z   *   +   1   p   ⋅   φ   1   < b >   ⋅ Δ   κ   z   *   ,   i f   p > 1        



(12)






    σ   x 2   t , y   =         φ   4   < b >   ⋅   κ   e y 1   +   φ   3   < b >   ⋅ Δ   κ   y   *   ,   i f   p ≤ 1         φ   4   < b >   ⋅   κ   e y 1   +   p − 1   p   ⋅   φ   4   < b >   ⋅ Δ   κ   y   *   +   1   p   ⋅   φ   3   < b >   ⋅ Δ   κ   y   *   ,   i f   p > 1        



(13)






    σ   x 2   t , z   =         φ   4   < b >   ⋅   κ   e z 1   +   φ   3   < b >   ⋅ Δ   κ   z   *   ,   i f   p ≤ 1         φ   4   < b >   ⋅   κ   e z 1   +   p − 1   p   ⋅   φ   4   < b >   ⋅ Δ   κ   z   *   +   1   p   ⋅   φ   3   < b >   ⋅ Δ   κ   z   *   ,   i f   p > 1        



(14)




where     σ   x 2   n , y     and     σ   x 2   n , z     are the amplitudes of the normal bending stresses about directions Y and Z (Figure 5) at the deformed configuration 2, while     σ   x 2   b , y         σ   x 2   b , z     are the amplitudes of the binormal bending stresses about directions Y and Z at the same deformed configuration; p and   Δ   κ   *   = ( Δ   κ   y   *   , Δ   κ   y   *   )   are given by:


  p =   1     κ   f     ⋅   Δ κ +   κ   f 1      



(15)






  Δ   κ   *   = Δ κ +   κ   f 1    



(16)







In Equations (15) and (16),     κ   f 1     is the curvature vector associated with the friction phase at the deformed configuration 1; and     κ   f     is the internal friction curvature, which may be expressed in the form:


    κ   f   =     φ   5   < b >   ⋅   P   c i   +   φ   6   < b >   ⋅   P   c e      



(17)




and     P   c i     and     P   c e     are the contact pressures on the inferior and superior interfaces of the considered tensile armor layer.



Coefficients     φ   i   < b >    ,   i   = 1 to 5, can be obtained from any of the local analytical or numerical models devoted to predicting stresses due to the bending of flexible pipes. The values proposed by Estrier [34] and Saevik [35] were adopted by de Sousa et al. [4]:


          φ   1   < b >   =   E ⋅ h   2   ⋅     cos   4    ⁡    α             φ   2   < b >   =   3 ⋅ E ⋅ h   2   ⋅     cos   2    ⁡    α             φ   3   < b >   =   E ⋅ w   2   ⋅   cos  ⁡    α     ⋅   1 + si   n   2     α             φ   4   < b >   = 0         φ   5   < b >   =     π   2   ⋅   μ   i n f     4 ⋅ E ⋅ h ⋅     cos   2    ⁡    α     ⋅ sin   α             φ   6   < b >   =     π   2   ⋅   μ   s u p     4 ⋅ E ⋅ h ⋅     cos   2    ⁡    α     ⋅   sin  ⁡    α              



(18)




where   h   and   w   are the height and width of the tensile armors;   E   is their Young modulus;   α   is the lay angle of the wires and     μ   i n f     and     μ   s u p     are the friction coefficients of the tensile armors with the inner and outer surrounding layers. The friction stress amplitudes about Y and Z axis (Figure 5),     σ   x   a t , y     and     σ   x   a t , z    , are given by:


        σ   x   a t , y       i   =           σ   m a x   a t     ⋅   Δ   κ   y   *       κ   f     ,   i f   p ≤ 1           σ   m a x   a t     ⋅   Δ   κ   y   *       κ   f     ⋅   1   p   ,   i f   p > 1        



(19)






        σ   x   a t , z       i   =           σ   m a x   a t     ⋅   Δ   κ   z   *       κ   f     ,   i f   p ≤ 1           σ   m a x   a t     ⋅   Δ   κ   z   *       κ   f     ⋅   1   p   ,   i f   p > 1        



(20)




where   i   = 1 to     n   w     and the maximum friction stress amplitude,     σ   m a x   a t    , is given by:


    σ   m a x   a t   =   φ   7   < b >   ⋅  ∑    μ ⋅   P   c        



(21)







In Equation (15),    ∑    μ ·   P   c         is the total friction force that acts on the tensile armor and     φ   7   < b >     is a stress coefficient, which may be expressed as [34]:


    φ   7   < b >   =   2 ⋅ π ⋅   r   2       n   w     ⋅   1   w ⋅ h   ⋅   1     tan  ⁡    α        



(22)




where   r   is the mean radius of the tensile armor layer.



Finally, considering Equations (7)–(22), the stresses due to bending in a tensile armor located at an angular position   θ    (Figure 5) are given by:


    σ   x   n       θ   i     =   σ   x 2   n , y   ⋅   sin  ⁡      θ   i       +   σ   x 2   n , z   ⋅   cos  ⁡      θ   i        



(23)






    σ   x   t       θ   i     =   σ   x 2   t , y   ⋅   cos  ⁡      θ   i       +   σ   x 2   t , z   ⋅   sin  ⁡      θ   i        



(24)






    σ   x   a t , y       θ   i     =       σ   x   a t , y       i   ⋅   sin  ⁡      θ   i       +       σ   x   a t , z       i   ⋅   cos  ⁡      θ   i        



(25)




where   i   = 1,     n   w     and     θ   i   =   i − 1   ⋅   36   0   ∘    /    n   w      .




3.2.3. Total Stresses in the Tensile Armors


In the approach proposed by [4], the stress time series for each load case is derived from the tension and moments time series obtained through global analysis using Equations (7)–(25). The initial step involves computing the time series of curvatures in each specified direction (Y and Z, Figure 5).



The first time step of the tension and curvature time series corresponds to the static analysis results. Static stresses are derived from these results, employing the described methodology. The internal friction curvature determined at this stage remains constant throughout the dynamic analysis for each load case. However, the deformed shape resulting from the variation of axisymmetric loads may change.



Dynamic axisymmetric stresses are computed using Equation (8) and a set of coefficients (    φ   < α x , σ >    ) that correspond to the deformed shape generated by the combination of axisymmetric loads at each time step.



Bending stresses are calculated by maintaining the critical curvature of each static analysis and considering that the static configuration is unstressed. The stress variations, which correspond to the dynamic stresses (  d y n  ), are obtained by considering the curvature variation related to the static stresses (  s t a  ). Therefore, the stresses at each corner of a tensile armor may be expressed by the formulas:



Corner   i   (Figure 5):


    σ   x   t o t       θ   i     =           σ   x   a x       i   +   σ   x   a t       θ   i     −   σ   x   n       θ   i     +   σ   x   t       θ   i         s t a    +         Δ   σ   x   a x       i   + Δ   σ   x   a t       θ   i     − Δ   σ   x   n       θ   i     + Δ   σ   x   t       θ   i         d y n    



(26)







Corner   2 i   (Figure 5):


    σ   x   t o t       θ   i     =           σ   x   a x       i   +   σ   x   a t       θ   i     +   σ   x   n       θ   i     +   σ   x   t       θ   i         s t a    +         Δ   σ   x   a x       i   + Δ   σ   x   a t       θ   i     + Δ   σ   x   n       θ   i     + Δ   σ   x   t       θ   i         d y n    



(27)







Corner   3 i   (Figure 5):


    σ   x   t       θ   i     =           σ   x   a x       i   +   σ   x   a t       θ   i     +   σ   x   n       θ   i     −   σ   x   b       θ   i         s t a    +         Δ   σ   x   a x       i   + Δ   σ   x   a t       θ   i     + Δ   σ   x   n       θ   i     − Δ   σ   x   b       θ   i         d y n    



(28)







Corner   4 i   (Figure 5):


    σ   x   t       θ   i     =           σ   x   a x       i   +   σ   x   a t       θ   i     −   σ   x   n       θ   i     −   σ   x   b       θ   i         s t a    +         Δ   σ   x   a x       i   + Δ   σ   x   a t       θ   i     − Δ   σ   x   n       θ   i     − Δ   σ   x   b       θ   i         d y n    



(29)




where   i   = 1,     n   w    ; and   Δ   corresponds to the stress variation concerning the static analysis.





3.3. Fatigue Damage and Fatigue Life Computation


The methodology introduced by de Sousa et al. [4] involves calculating stress time series at the   4   n   w     points across various cross-sections along the pipe for each considered sea state. The Rainflow technique counts the number of stress cycles in each time series, and the fatigue damage associated with each cycle is assessed using a relevant S-N curve. It is important to note that the choice of the S-N curve depends on the pipe’s annulus condition, and this condition (whether dry or wet) must be considered in the stress calculations.



In the final step, fatigue damage is accumulated under the assumption that the Palmgren–Miner rule is applicable, and the fatigue life in each section is represented by the minimum value obtained from all processed points. It is noteworthy that mean stress effects can be addressed by applying the well-known Gerber correction factor.




3.4. Implementation


The whole procedure, involving local analysis and fatigue computation, was implemented in the in-house software FADFLEX® v. 2.0 [4], specially developed to analyze flexible pipes. The software employs a database in which the response matrix of several pipes is available, allowing the fast calculation of the tensile armor stresses considering the load histories obtained in the global analyses. Moreover, the annulus condition and the employed S-N curve must also be informed to allow fatigue damage calculation and, subsequently, accumulation. Finally, considering all this data, the program returns the fatigue resistance of the flexible riser at each of its cross-sections.





4. Proposed Methodology, including Coupled Analysis


Fatigue global analyses use uncoupled RAO methodology to calculate the vessel and riser responses subjected to wave loads. On the other hand, the main limitation of time-domain fully coupled analysis is the high computational cost required to perform simulations in finite element models. To solve this issue and to seek an accurate and cost-effective solution in deepwater and ultra-deepwater depth scenarios, the methodology proposed here replaces the two steps of the uncoupled global analysis methodology [3] (that uses the uncoupled RAO) with a set of coupled global analyses to calculate “coupled RAOs”. These coupled RAOs result from the vessel response modeled with all lines, thus considering all appropriate nonlinear interactions and, especially, the structural and hydrodynamic damping of the system. The stages of the methodology proposed in this article are summarized in the following sections.



4.1. Step 1: Coupled RAO


Firstly, the uncoupled RAOs are obtained using the WAMIT radiation/diffraction program [20], which models the vessel as a rigid body and the lines as scalar spring coefficients. With these RAOs as input representing the vessel motions at its six degrees of freedom, the SITUA-Prosim software [16] may be used to calculate the uncoupled response of the lines (for instance, the motions at the top of each riser connection represented by the dots in Figure 6a) to a set of regular waves of one-meter amplitude (or 2 m height) within a given range of periods, and in the eight main directions of the vessel as shown in Figure 6b. Direction 01 is identified as a stern-to-bow wave. The other directions form 45° one from another.



Then, to obtain the “coupled RAOs”, the vessel is modeled considering its hydrodynamic and aerodynamic coefficients in the SITUA-Prosim dynamic simulation program [16] using the formulation presented in Section 2.4. The mooring lines and risers are modeled with three-dimensional truss and beam finite elements. Also, the internal fluid characteristics are considered in the riser analysis. The potential wave damping, linear and quadratic hydrodynamic effects of the hull and mooring lines and risers are implicitly and automatically considered by solving the nonlinear coupled dynamic problem represented by the hull and the FE model of the lines.



Considering this coupled model, the “coupled RAOs” are generated by performing a series of global time domain dynamic analyses with the SITUA-Prosim software [16]. In these analyses, the first-order wave force coefficients obtained with WAMIT v. 6.4 software [20] are input to calculate the motion responses under regular unitary wave loadings, as described for the uncoupled analysis.



Interestingly, since a spectral analysis with irregular waves typically requires the simulation of a 3-h sea state, this regular wave approach is considered appropriate and sufficient for this comparison at the first moment. According to [11], although most loads that contribute to fatigue are random, statistical considerations would generally be required in determining the long-term distribution of fatigue loading effects, where appropriate deterministic or spectral analysis may be used.



Finally, in the proposed methodology, the risers are modeled with constant axial and bending stiffness, ignoring the hysteretic behavior of the flexible pipe from the nonlinear bending moment vs. curvature relation. This hysteretic behavior may be considered in the local analyses, including friction loads, as shown in the next section.




4.2. Step 2: Flexible Riser Fatigue Analysis


The global fatigue analysis is performed using the “coupled RAO responses” of the risers using a scatter diagram of regular waves that considers their periods, height, and direction.



As discussed in Section 3, the fatigue resistance computation demands converting the load histories of tension and curvatures in a given cross-section of the riser into load histories of stresses in its layers. Notably, this process does not depend on the type of global analysis procedure (coupled or uncoupled). Therefore, the method described in Section 3 can be directly employed.



To sum up, both methodologies (the traditional uncoupled and the proposed coupled methodology) are presented in the flowchart of Figure 7.





5. Case Studies


5.1. Introduction


The coupled and uncoupled methodologies described in the previous sections are employed to analyze an FPSO with a riser balcony, and the results obtained are compared. All global analyses are performed with the SITUA-Prosim software [16], incorporating the formulations described in Section 2.4. Local fatigue analysis is performed using the FADFLEX® v. 2.0 [4] software.




5.2. Model Description


The FPSO model (Figure 8) has a riser balcony on the portside with a set of flexible risers and connected mooring lines located at a water depth of 1000 m. The ship is considered in an intermediate draft position (14.3 m), the most common for operation. The vessel heading is shown in Figure 8. The hull properties are presented in Table 1. The system comprises 88 catenary risers with different mechanical properties (23 production risers, 22 gas lift risers, 9 water injection risers, and 34 control umbilicals) and 18 mooring lines on a spread mooring configuration. All risers are modeled based on their content in an operational context. The top angle of all risers equals 7° relative to the vertical axis. A flexible production riser close to the bow position is chosen to be studied, and complete fatigue analysis is performed, comparing the results from coupled and uncoupled models. The riser fairlead position is 112.9 m and 29.3 m from the longitudinal and transversal hull axes, respectively, with the origin positioned in the hull midsections. The mooring lines are formed by chain and polyester segments, as described in Table 2 and Table 3.



To rebalance the coupled FPSO system, after including the lines, the vessel’s center of gravity must be shifted from the centerline to compensate for the static inclinations that occur due to the portside position of the risers—just as it would have been achieved using ballast in actual operations. The new center of gravity for coupled models is shifted from (0.00, 0.00) m without lines to (0.00, −0.45) m with lines to minimize trim and tilt. The buoyancy center is located on (0.90, 0.00) m.



The riser balcony is positioned from (−17.8, 29,5) m to (150.5, 29.5) m. The dots in Figure 6a illustrate the position of the riser balcony. Risers closer to the extremities of the vessel generally face harsher efforts when considering wave loads. Hence, the coupling effects on the motions of the top of a riser will be better observed by selecting a riser close to the bow of the vessel (112.9, 29.5) m. The arrows X and Y indicate the direction of the vessel’s global axis. The red arrow illustrates the position of the riser under study on the riser balcony.



The flexible riser under study is an unbonded production 9″ (0.1524 mm) structure with 11 layers, including two tensile armors. The internal and external tensile armor layers have 59 and 64 wires, respectively, with lay angles of 30° and 32°. All armors have approximately rectangular cross-sections with 4 mm in height and 8 mm in width.



The axial stiffness of the pipe is 428 MNm/m, and its full slip bending stiffness equals 15.6 kNm2. A bending stiffener is positioned at the connection with the FPSO. This stiffener prevents the excessive bending of the pipe in the top region.



For fatigue calculation, the following assumptions are considered:




	
The annulus of the pipe is considered dry;



	
A friction coefficient of 0.15 between the layers of the pipe is initially considered;



	
The Gerber correction factor accounts for the mean stress effects;



	
All tensile armors had their fatigue lives calculated.








The S-N curve employed is bilinear, as presented in Equation (30), where     N   c y c l e s     is the number of cycles of fatigue and   Δ   σ   x     is the stress range.


  l o g   N   c y c l e s   =       15.450 − 3.6   l o g Δ   σ   x     ,   i f     N   c y c l e s   ≤   10   6         18.075 − 4.6   log  ⁡  Δ   σ   x       ,   i f     N   c y c l e s   >   10   6          



(30)








5.3. Environmental Loadings


In this case study, only wave loads are considered without the corresponding slow drift offset. Loads due to current and winds are disregarded. This hypothesis might bring a conservative result for fatigue cases once the damage is accumulated on the same spot of the riser; however, this assumption is adequate here since the goal is merely to compare results from uncoupled and coupled analyses, not to design the system. Also, the hydrodynamic drag on the ship is disregarded since the focus is to investigate the lines’ behavior.



For fatigue analysis, a typical set of loading cases from Campos Basin is chosen for simulation in the time domain with a 400 s signal of regular sea until stabilization. The comparison of loading time history will be extrapolated from the last 200 s of the wave signal. Load cases consider regular waves with increasing height (1 m to 10 m) combined with periods from 2 s to 26 s. For example, for the South direction, load case 01 corresponds to a wave height of 1 m with a period of 2 s, load case 02 corresponds to a wave height and period of 1 m and 4 s, and so on. However, not all wave heights and periods are contemplated since they do not occur, or their occurrence frequency is insignificant. Hence, they do not appear on the scatter diagram. Altogether, the load cases (LC) are grouped in the following directions: N, LC01 to LC38; NE, LC39 to LC84; E, LC85 to LC 139; SE, LC140 to LC209; SW, LC288 to LC368; W, LC369 to LC 390; and NW, LC391 to LC406.





6. Results and Discussion


6.1. Overview


This section presents the results of applying the methodologies described in Section 4 to compute the fatigue life of the model described in Section 5. Initially, Section 6.2 is related to the first step of the methodology that provides the platform motion RAOs: the uncoupled (traditional) RAOs are compared to the coupled RAOs, and the motion at the top of a chosen riser and the correspondent accelerations are also compared. Then, Section 6.3 compares the first results pertinent to the fatigue behavior in terms of the tensions and bending moments on the chosen flexible riser from time histories provided by the global analyses using the SITUA-Prosim software [16]. Finally, Section 6.4 presents the results of the local fatigue analyses performed by the FADFLEX® [4] software incorporating the formulations described in Section 3.3.




6.2. Coupled RAO Results


The coupled RAOs for roll and heave motions are initially generated to calibrate the model, considering a range of periods from 3 s to 30 s. The SITUA-Prosim software [16] performs time-domain analysis employing a model without any lines and considering the first-order vessel wave force coefficients. The goal is to check whether the procedure can reproduce the “uncoupled” RAOs calculated by the WAMIT radiation/diffraction program [20] in the frequency domain.



The inclusion of the set of 105 lines leads to an asymmetric response in the coupled situation. This aspect was initially identified by [15]. For uncoupled conditions, however, situation 1, representing a portside wave, and situation 2, representing a starboard wave, present the same RAO. Figure 9 schematically shows situations 01 and 02.



Also, when including the set of 105 lines, the coupled models significantly reduce the rotation amplitude for almost all directions for roll motion results. Figure 10 presents results for two directions to exemplify the general behavior, which is similar in all other directions. Roll motions for direction 01 (from stern) and 05 (from bow) are not relevant because they are of a much smaller order of magnitude. Table 4 shows the roll variation for peak periods.



Regarding the vertical motion at the top connection of the riser, there are also significant differences between the results of the coupled and uncoupled analyses. Figure 11 shows the riser displacements for (a) portside and (b) starboard waves with only transversal components. In contrast, (c) and (d) compare the top elevations of the riser for waves with only longitudinal components (directions 1 and 5 in Figure 6b). These figures indicate that, for waves transversal to the vessel axis, the main variations occur close to the roll resonance period, around 10 s to 15 s. Moreover, for wave components in the longitudinal direction, the difference also occurs for higher periods.



The behavior of the top of the riser changes when considering the coupling condition that causes both amplification and reduction at the top connection riser displacement. This aspect demonstrates the importance of considering the coupled RAO for vessels installed in deep waters. By comparing the results of the coupled and uncoupled analyses for the transverse wave presented in Figure 11a,b, differences up to 270% are observed. For longitudinal directions in Figure 11c,d, the differences are smaller, around 25%.



A similar behavior is seen in the acceleration results. Figure 12 presents the comparison for acceleration results considering the maximum absolute values (disregarding their sense) for (a) portside and (b) starboard waves. The maximum differences occur for accelerations close to the resonance period of the riser: between 10 and 15 s. Moreover, the uncoupled results are higher for waves from the portside. The opposite occurs for starboard waves: coupled accelerations are more critical.




6.3. Fatigue Results—Global Tension and Bending


The first relevant aspect to be observed in the fatigue analysis involves investigating the amplitude of riser tension at the top (close to the connection device, i.e., the bending stiffener) and TDZ regions, as these are especially prone to fatigue failure. Figure 13a,b shows that the uncoupled tension amplitude increases as the wave height and amplitude increase on the top connection. The same does not occur for coupled results as presented in Figure 13a, i.e., the damping effects from the lines become more significant with the increment of wave height and period.



The histogram for the tension amplitude for the eight directions is presented in Figure 14a,b. The results show lower tensions are more frequent for the coupled conditions on the top connections, ratifying the reduced energy due to damping effects. This behavior is illustrated in Figure 13a, which presents the riser tension amplitude for the South direction.



On the other hand, Figure 15a,b shows the histogram of curvatures at the top of the riser, indicating that the uncoupled and coupled results are not significantly different; the type of global analysis procedure did not affect the curvatures at the top and TDZ of the riser.




6.4. Fatigue Life Results


The fatigue life is calculated in all tensile armors of the pipe and at each corner of their cross-sections (Figure 5) by accumulating the damage caused by all 406 load cases. Figure 16 presents the distribution of the resulting fatigue life along the riser. It can be seen in Figure 16 that the coupled results for fatigue life are higher than those obtained in the uncoupled analysis in some armors. The difference in the fatigue life distribution estimated in the coupled and uncoupled analyses is due to the load redistribution related to the riser balcony configuration.



Detailed results for the critical sections are shown in Figure 17a,b for the top connection region, and Figure 18a,b for the TDZ, in both cases presenting results for internal and external layers on each wire. Figure 17a and Figure 18a show that the maximum damage occurs in the internal tensile armor layer due to the higher stresses induced by the axisymmetric loading and the bending friction mechanism [4]. Moreover, the maximum damage occurs for the coupled condition in a cross-section of the riser close to the TDZ.



Although the maximum damage for the coupled condition is 15% higher and does not occur on the same section (TDZ), the damage distribution over the cross-section is very similar, as shown in Figure 18a,b. The lower fatigue life occurs in the same section for the top connection region, close to the bending stiffener for both coupled and uncoupled conditions. Also, for the coupled condition, the maximum damage in the internal layers is almost 30% higher for the coupled situation and concentrated around wires 27 to 41, as shown in Figure 17a.




6.5. Computational Performance


This section discusses the CPU requirements and the computational cost to run the analyses, considering different methodologies. Table 5 presents the time required for the traditional uncoupled methodology (prescribed motion), the fully coupled, and the proposed methodology. All three consider a regular sea state scatter with 406 load cases and a 400-s total simulation time for each analysis, as described in Section 5.3.



Considering a representative uncoupled riser analysis for a regular sea, a simulation for one load case requires around 4 min on a typical Intel Core i7 CPU. Then, for all load cases, the uncoupled methodology requires 1.12 days in sequential analysis on a single CPU or 0.05 days in a parallel environment with a CPU set using three cores with eight nodes each (i.e., 24 nodes).



On the other hand, a representative fully coupled dynamic analysis requires 99.08 min for each load case in the same CPU, thus requiring a total time of 27.94 days.



Regarding the first step of the proposed methodology, the calculation of the “coupled RAOs” needed a set of 440 coupled analyses (eight directions with 55 points—3 to 30 s every 0.5 s). A sequential analysis would take 30.27 days to process, while a parallel CPU set using three cores with eight nodes each would take 1.26 days. Finally, the second step of the proposed methodology (the uncoupled analysis using the “coupled RAO”) costs the same as a conventional uncoupled analysis. Thus, it would add 1.12 days, resulting in a total time of 31.4 days of sequential analyses or 1.31 days in a parallel environment.



In this case, the proposed methodology is not advantageous since the number of load cases on the fatigue scatter diagram (406) is lower than the number of points required to calculate the “coupled RAOs” (440). However, this condition may not be realistic, as most practical applications employ larger scatter diagrams. Hence, the number of loading cases would exceed the number of analyses required to calculate the coupled RAOs; such applications could then successfully take advantage of the methodology presented here.



Moreover, it should be recalled that while regular sea analyses may be appropriate for a preliminary assessment of fatigue behavior, the most accurate approach is to use irregular sea states modeled by a spectral representation, as described in Section 2.1. This approach requires the analyses to be performed for a total simulation time of 3 h or 10,800 s. In such cases, each uncoupled analysis would require around 107 min on a typical Intel Core i7 CPU. On the other hand, the representative fully coupled dynamic analysis requires about 2347 min for each load case on the same CPU. Thus, extrapolating the results shown in Table 5, the CPU requirements to perform the complete wave fatigue analysis considering irregular sea states are shown in Table 6. Then, the advantages of the proposed methodology are seen, requiring about 11 times less CPU time than the fully coupled methodology and only twice the cost of the much less accurate uncoupled methodology.



In summary, the proposed methodology is advantageous for practical applications where the number of loading cases of the scatter diagram exceeds the number of analyses necessary to calculate the coupled RAO and/or when irregular analyses, which are more accurate and less conservative, are required. Anyway, future studies that could be considered may include other methodologies to reduce the substantial computational overhead of transient coupled dynamic analyses. An important line of research considers Artificial Intelligence (AI) methods to build surrogate or meta-models employing neural networks, such as those addressed in [36,37,38].





7. Conclusions


This work proposed an FE numerical simulation methodology for applications in deepwater offshore oil and gas production scenarios with floating platforms (FPSO) featuring a riser balcony on one side. An overview of uncoupled and coupled global and local analysis methods to evaluate fatigue damage in flexible risers was presented, stressing the increased accuracy of the coupling method compared to the uncoupling one due to the many simplifications that the latter method involves. The accuracy and efficiency of the WkC coupling formulation employed in this work have already been demonstrated in several previous works [16]. Moreover, the validity of the local model has been verified by comparing its predictions to those from experimental tests and other theoretical models [4,33].



Since coupled analyses considering all lines and using sufficiently refined FE meshes require considerable computational cost, this work proposed developing hybrid coupled methodologies to reduce computational costs. This aspect is even more crucial for designing floating platforms considering fatigue behavior since load case matrices with many environmental combinations shall be considered. The balance between accuracy and computational cost is delicate, as the consequences of riser failure can be severe, and guidelines and standards are still being settled down in this area; thus, the methodology proposed here aims to provide more accuracy on deepwater fatigue life calculation while maintaining feasible computational requirements.



The fundamental aspect of the proposed methodology is replacing the hull’s original RAOs with “coupled” RAOs. These RAOs may be used to investigate fatigue damage and extreme conditions for critical risers. The coupled RAOs would also allow less expensive irregular wave analyses, which are widely used and essential in riser design projects.



Another critical aspect of the methodology proposed here is the focus on the most important motions for the fatigue analysis of floating platforms featuring a riser balcony on one side and thus presenting an asymmetric behavior: heave (vertical translation of the vessel) and roll (rotation along the stern–bow axis). In this context, the “coupled RAO” methodology provided vertical displacements and accelerations at the top of the flexible riser that are substantially different from those obtained by the traditional and less accurate uncoupled methodology.



These results bring a new look at fatigue life calculation for such practical applications with asymmetric behavior. They show that the distribution of fatigue life along the riser section may influence the failure sequence of the tensile armors. The risers’ asymmetric distribution may reduce or increase fatigue life compared to symmetric situations and redistribute the fatigue damage on the tensile armors. In the internal tensile armor layers, as shown in the case study, coupled analyses may even present lower fatigue life when compared to the uncoupled results.



Besides the increased accuracy, another advantage of the proposed methodology is the reduction of computing time requirements, which can be 90% lower for irregular analyses than the coupled methodology. In summary, the “coupled RAO” methodology shares the high accuracy provided by the coupled methodology, with considerably lower computational costs for situations with many loading cases.



Finally, it is essential to note that this study builds upon global and local numerical models that have been verified in prior works, thus ensuring the robustness required for their application in the practical design of flexible pipes. Nevertheless, the authors acknowledge the necessity of validating the entire fatigue approach, which can only be accomplished through expensive experimental tests or in-field measurements that are presently unavailable. Consequently, further investigations are needed to thoroughly assess the accuracy of the proposed methodology.
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Nomenclature








	     A   h     
	added mass matrix updated every time step added to the dry mass



	     a   n + 1   k     
	acceleration discrete approximations expressed at the time     t   n + 1    



	   B   
	rotation matrix with sines and cosines of the Euler angles



	     B   h       
	coupling added mass matrix



	   C   
	axial compression



	   C   
	Rayleigh proportional damping matrix



	     C   h     
	coupling added mass matrix



	     D   h     
	matrix of rotational inertia due to the added mass



	     d   n + 1   k     
	displacement discrete approximations expressed at the time     t   n + 1    



	   d   
	vector of displacements



	   d / d t   
	differential operator with respect to time



	   E   
	Young modulus



	   E   I   n s     
	no-slip bending stiffness,



	   E   I   f s     
	full-slip bending stiffness



	   F   
	vector of external loads



	   f   
	external forces due to the environmental loadings of wind, wave, and current



	     f   1     
	vector of forces dependent on the position, velocity, and time but do not dependent on the acceleration



	   h   
	height of the tensile armors



	     I   h     
	matrix with the moments and products of inertia



	   i   
	counter



	   k   
	Newton–Raphson iteration count



	   K   
	stiffness matrix



	     K   T     
	tangent stiffness matrix



	     k   f     
	internal friction critical curvature



	   Δ κ   
	two-dimensional curvature increment vector



	     κ   1     
	total curvature vector of a deformed situation 1



	     κ   2     
	total curvature vector of a deformed situation 2



	   κ   
	total curvature vector



	     κ   f     
	vector of internal friction curvature assigned to the phase without sliding between pipe layers.



	     κ   e     
	vector of the components of curvature assigned to the phase which the layers can slide freely



	   M   
	global mass matrix



	   m   
	external moments due to the environmental loadings of wind, wave, and current



	     M   h     
	diagonal matrix with the dry mass of the hull



	     m   1     
	vector of moments dependent on the position, velocity, and time but do not depend on the acceleration



	     n   w     
	four points across various cross-sections along the pipe



	   N c y c l e s   
	predicted number of cycles to failure for stress range   Δ   σ   x    



	   p   
	limit of deformed configuration coefficient



	     P   c i   ,     P   c e     
	contact pressures on the inferior and superior interfaces of the considered tensile armor layer



	     P   i n t     
	internal pressure



	     P   e x t     
	external pressure



	   R   
	nonlinear vector of elastic internal forces



	   r   
	mean radius of the tensile armor layer



	   R A O   
	response amplitude operator transfer function



	     S   R A O     
	RAO spectra response



	     S   ς     
	wave spectra



	   t   
	time



	   T   
	pure tension



	     T   O     
	torsion



	     u  ¨    
	vector of acceleration



	     u  ˙    
	vector of velocity



	   u   
	vector of displacements



	   v   
	three-dimensional vector representing the velocity components of the rigid body (hull)



	     v   n + 1   k     
	velocity discrete approximations expressed at the time     t   n + 1    



	   w   
	width of the tensile armors



	   x   
	three-dimensional vector representing translational components of the rigid body (hull)



	     X   a x     
	any quantity related to the response of a flexible pipe, e.g., the axial elongation or twist of the pipe, an interface contact pressure (or gap), or stress in an armor layer or sheath



	Greek Symbols
	



	   α   
	the lay angle of the wires



	   Δ   
	interval or incremental



	   Δ   σ   x     
	stress range



	   ζ   
	irregular wave history in the time domain



	   θ   
	three-dimensional vector representing angular position components of the rigid body (hull)



	   θ   
	angular position tensile armor



	     σ   x   a t , y     
	amplitudes of the friction stresses about direction Y



	     σ   x   a t , z     
	amplitudes of the friction stresses about direction Z



	     σ   x   a x     
	normal stresses in the tensile armor layers



	     σ   x 2   n , y     
	amplitudes of the normal bending stresses about direction Y at the deformed configuration 2



	     σ   x 2   n , z     
	amplitudes of the normal bending stresses about direction Z at the deformed configuration 2



	     σ   x 2   t , y     
	amplitudes of the binormal bending stresses about direction Y at the deformed configuration 2



	     σ   x 2   t , y     
	amplitudes of the binormal bending stresses about direction Z at the deformed configuration 2



	     μ   i n f        ,     μ   s u p     
	friction coefficients of the tensile armors with the inner and outer surrounding layers



	     φ   j   < a x , X >     
	j = 1 to 5, response coefficients that convert the imposed loading to the quantity     X   a x    



	     φ   i   < b >     
	i = 1 to 5, coefficients obtained from any of the local analytical or numerical models devoted to predicting stresses due to the bending of flexible pipes.



	   ω   
	three-dimensional vector representing angular velocity components of the rigid body (hull)



	     ω   f     
	wave frequency
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Figure 1. Schematic configuration of a free-hanging riser. 






Figure 1. Schematic configuration of a free-hanging riser.
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Figure 2. Section of a flexible riser showing its layers. Based on [4,5]. 
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Figure 3. Wave spectra based on [21]. 






Figure 3. Wave spectra based on [21].



[image: Mathematics 12 01231 g003]







[image: Mathematics 12 01231 g004] 





Figure 4. Schematic representation of the hysteretic response of flexible pipes under bending. 
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Figure 5. Tensile armor wires in a cross-section of a flexible pipe. 
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Figure 6. (a) Global wave directions for RAO analysis, (b) Riser balcony and riser position. 
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Figure 7. Flowchart of uncoupled and coupled methodology. 
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Figure 8. 3D global model on SITUA-PROSIM software [16]. 
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Figure 9. (a) Situation 01—wave from portside, and (b) Situation 02—wave from starboard. 
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Figure 10. Line coupling effects for (a) heave RAO, stern, and bow waves, and (b) roll RAO, portside, and starboard waves. 
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Figure 11. Riser top connection motion—transverse wave direction (a) portside, (b) starboard; longitudinal wave directions (c) from the stern, (d) from the bow. 
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Figure 12. Acceleration on riser top [m/s2], modulus—transversal waves: (a) portside; (b) starboard. 
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Figure 13. Riser tension amplitude—South direction: (a) top region; (b) TDZ region. 
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Figure 14. Riser tension amplitude histogram (all directions): (a) top region; (b) TDZ region. 
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Figure 15. Riser bending histogram (all directions): (a) top region; (b) TDZ region. 
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Figure 16. Fatigue life distribution along the line. 
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Figure 17. Damage distribution on critical section, top connection (a) internal layer (b) external layer. 
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Figure 18. Damage distribution on critical section, TDZ (a) internal layer (b) external layer. 
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Table 1. Characteristics of the hull.






Table 1. Characteristics of the hull.





	Property
	Value





	Length [m]
	320



	Beam [m]
	58



	Draft
	Intermediate



	Mean draft [m]
	14.3



	Displacement [t]
	2.43 × 105



	LCG 1 [m]
	0.0



	TCG 1 [m]
	0.0



	VCG 1 [m]
	13.66



	Kxx 2 [ton.m]
	8.02 × 107



	Kyy 2 [ton.m]
	1.39 × 109



	Kzz 2 [ton.m]
	1.41 × 109







1 LCG, TCG, VCG, longitudinal, transversal, and vertical center of gravity, respectively. 2 Kxx, Kyy, Kzz, inertia on x, y, and z-axis, respectively.













 





Table 2. Mooring configuration.






Table 2. Mooring configuration.





	
Cluster

	
N° of Lines

	
Bottom Chain [m]

	
Fiber Rope [m]

	
Top Chain [m]

	
Radius/WD 1

	
Azimuthal Spacing [deg]






	
SE

	
5

	
120

	
2200

	
135

	
2180

	
57




	
W

	
5

	
95

	
2205

	
140

	
2200




	
NW

	
4

	
90

	
2415

	
135

	
2435

	
56




	
E

	
4

	
105

	
2395

	
140

	
2385








1 WD is the horizontal distance projection between the mooring and the fairlead.













 





Table 3. Mechanical properties of the mooring segments.
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	Material
	Specification
	Dry Weight [kN/m]
	MBL 1 [kN]
	Axial Stiffness [kN]





	Top/Bottom Chain
	R4 Studless Chain 114 mm
	2.22
	12,420
	7.71 × 105



	Fiber Rope
	Polyester 211 mm
	0.26
	12,753
	2.17 × 105







1 Minimum Breaking Load.













 





Table 4. Maximum amplification/reduction for roll motion.






Table 4. Maximum amplification/reduction for roll motion.





	Direction
	Roll [°/m] Coupled without Lines
	Roll [°/m] Coupled with Lines
	Difference [%]
	Corresponding Period [s]





	2
	1.18
	1.07
	−9.9%
	15.5



	3
	2.53
	2.03
	−19.6%
	15.5



	4
	1.29
	0.94
	−27.3%
	14



	6
	1.29
	1.36
	4.9%
	14.5



	7
	3.22
	2.75
	−14.1%
	14



	8
	1.21
	0.79
	−34.2%
	14










 





Table 5. Computational requirements for a regular sea state with 406 load cases.
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	Methodology
	Proc. Time Considering a Single CPU [Days]
	Proc. Time Considering a Cluster with 24 Nodes [Days]





	Uncoupled
	1.12
	0.05



	Fully coupled
	27.94
	1.16



	Proposed “Coupled RAO”
	31.40
	1.31










 





Table 6. Computational requirements for irregular sea states.






Table 6. Computational requirements for irregular sea states.





	Methodology
	Proc. Time Considering a Single CPU [Days]
	Proc. Time Considering Cluster with 24 Nodes [Days]





	Uncoupled
	30.15
	1.26



	Fully coupled
	661.75
	27.57



	Proposed “Coupled RAO”
	60.42
	2.52
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