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Abstract

:

Offshore platforms are important infrastructures that often face severe environmental conditions, such as corrosion, throughout their lifetime. This can continuously decrease their structural robustness. Despite the availability of many anti-corrosion strategies, there is still a need for a sound management scheme that can systematically address the lifetime operation of offshore platforms under corrosion. To address this, the work here proposes a corrosion- and repair-based reliability framework for the lifetime operation of offshore platforms. A fixed offshore platform is designed based on current design codes for severe environmental conditions in a given return period, and the effect of corrosion on the structure’s serviceability is modeled. The results show that the extent of the corrosion depth and damage in different years highly affects the ability of a repair to restore a damaged element to its original design strength. The results also show that the residual reliability of the structural members under the splash zone becomes almost zero after the first 10 years of the operation period, implying that these members require quick repair strategies. This study establishes a management program for fixed offshore platforms subjected to long-term corrosion by performing reliability analyses on the components of the platforms and evaluating the maintenance of the components in the splash zone. In the absence of commonly accepted contemporary industry practice standards, this study proposes a corrosion growth model based on API-RP-2A, DNV, and NORSOK standards that can effectively evaluate code-based structural designs. The framework developed here can help offshore platform owners in their decision-making process for corrosion-based safety analysis.
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1. Introduction


Offshore platforms are utilized for the extraction of oil and gas, but they encounter severe corrosion issues throughout their lifespan, which can decrease their structural strength [1] and increase the risk of a complete failure [2]. Despite the availability of various anti-corrosion strategies, managing corrosion remains a challenge due to the lack of a comprehensive management scheme, such as inadequate anti-corrosion measures, corrosion monitoring methods, and maintenance actions [3,4]. Furthermore, the residual strength and repair capability of corroded members are critical for the safety, reparability, and requalification of the platforms [5,6]. However, few studies have investigated the structural reliability of offshore platforms considering the corrosion, inspection, and repair of components [6]. Hence, it is necessary to strike a balance between cost-effective maintenance schemes and structural safety.



Previous research has explored various aspects of corrosion and its impact on offshore platforms. Corroded tubular members are more susceptible to failure under repeated loads of wind, current, and waves, which can reduce the thickness of the members and lead to a decrease in the structural bearing capacity [7,8]. For instance, Zve et al. [9] investigated the effect of corrosion on the maintenance optimization of an offshore platform. Melchers [10] highlighted the role of corrosion in offshore platforms at different service times. Bao et al. [11] analyzed the impact of zonal corrosion on the global response and reliability index of a platform, taking into account the corrosion loss in the atmospheric and immersed zones for a specific exposure period. Zhang et al. [12] explored the effect of probabilistic approaches on the structural reliability of a fixed offshore platform under corrosion in the immersed zone. Soares et al. [13] proposed the Weibull probabilistic distribution model for the characterization of zonal corrosion in offshore structures. Paik et al. [14] calibrated the parameters of the Weibull corrosion model with data measured by a specific marine structure and for a specific return period of 10 years. Bai et al. [15] determined the corrosion influence of different zones on an offshore platform. Ricles [16] and Ostapenko et al. [17] evaluated the residual strength of tubular members damaged by corrosion and showed that corroded tubular members are more prone to the initiation of failure. Du et al. [18] proposed a method for mooring lines considering the influence of marine corrosion conditions. The results indicated that the corrosion of mooring lines has a significant impact on the fatigue capacity. Wang et al. [19] proposed a novel concept that combines an offshore platform with a wave energy converter. Their study focused on the impact of wave and wind loads on the dynamic response characteristics of the offshore structure under various environmental load cases. Hajinezhadian and Behnam [20] addressed the design optimization of offshore platforms and demonstrated that code-based designs are not always optimal from a lifetime perspective.



From a different perspective, in the reliability analysis of offshore platforms, considering the gradual deterioration due to the accumulation of damage is vital as it can increase the failure risk. Therefore, assuming annual deterioration as independent, if not fully applied, will lead to an error in estimating the probability of failure [21,22,23,24]. The annual independence of damage is examined in the current study.



Based on the above studies, it can be concluded that the effect of corrosion on the structural reliability of jacket-type structures is an important research topic. In this context, this study aims to propose a probabilistic-based framework for the optimization of repair strategies in offshore platforms. It establishes a management approach for long-term corrosion by performing reliability analyses on the components. In the absence of commonly accepted contemporary industry practice standards, this study proposes a corrosion growth model based on API-RP-2A, DNV, and NORSOK standards that can effectively evaluate code-based structural designs.



To achieve this, in this study, a fixed offshore platform is designed according to API-RP-2A [25], and random time domain analysis is performed to evaluate its dynamic responses. The time histories of water surface elevation are generated from standardized wave spectrums. The time histories of loads and the structural responses are then calculated using water surface elevations. The results, including the time history of loads, are introduced as random variables for each element, and the required distributions are obtained using Easy-Fit software (v5.6) [26]. Then, using MATLAB software and available reliability analysis methods, the planned and annual reliability indexes of elements are calculated. The remaining reliability of the structure is determined based on the difference between the annual reliability of the structure during its service time and the annual target reliability and updating process based on the remaining reliability. When the remaining reliability approaches zero, the repairs are initiated. The results are modified by repairing the members until the full capacity of the corroded members is restored. The reliability index of each tubular member is determined based on the first-order reliability method (FORM) and performance functions of compression and tension, where the most likely failure mode is identified. The local buckling of structural members is considered in this study, and the members under compression and tension are checked. A Monte Carlo simulation (MCS) is used to verify the FORM as the limit state function and the FORM is linearized by the Taylor series.



Here, analysis is performed for different loading scenarios, including wave, current, and wind, e.g., forces are applied to the safe structure, and reliability indexes are estimated for offshore structure members. Then, in addition to these loadings, the local buckling caused by the corrosion is also taken into account and structural reliability is estimated in the damaged state. In this study, the structural response is evaluated using SACS [27], where corrosion is modeled by reducing the wall thickness of the members according to their position in the various corrosion zones over time. Different time-varying corrosion models are used to simulate corrosion situations based on corrosion characteristics and the measured results. The reliability of the structure in this study, expressed through the probability of failure, is evaluated for the structural components as a function of the exposure period.




2. Methodology


This paper analyzes a marine structure under environmental conditions and evaluates its probability of failure (PoF) using analytical methods [28]. The reliability analysis accounts for the effect of corrosion on maintenance over the service time, as shown in Figure 1 and explained below.



2.1. Environmental Conditions


The forces acting on a marine structure may include sea currents, wind, and waves, which may be time-dependent or uniform. The wave period, wind speed, and currents are related to the wave height. The wind forces are usually uniform and affect the upper part of the platform (i.e., deck) [29]. The current forces are also usually uniform and affect the underwater parts of the platform (i.e., jacket) [29,30]. The long-term variation in a wave climate can be represented by generic distributions or scatter diagrams for the parameters of sea states, such as significant wave height (    H   s    ) and mean zero-up period (    T   z    ) for all directions [30]. According to DNV [30,31,32], the maximum individual wave height in a random sea state can be given by Equation (1).


    F     H   m a x         h   m a x     =   ∫    h   s        ∫    t   z      [   F     H   m a x       H   s     T   z           h   m a x       h   s     t   z       ]       . f     H   s     , T   z         h   s     , t   z       . d h   s     d t   z    



(1)




where     F     H   m a x       is the mean annual frequency of exceedance of the wave height   (   H   m a x   )   and     f     T   z     , H   s         t   z     , h   s       is the joint probability density function for the     H   S     and the     T   z   .   Here,     F     H   m a x       H   s     T   z           h   m a x       h   s     t   z         is the distribution of the largest wave’s height in a storm sea state.



The maximum instantaneous wind speed is assumed to follow the Gumbel distribution [33], which has the cumulative distribution function given by Equation (2), where V is the wind velocity and μ and σ are its mean and standard deviation, respectively.


   F   V   =   exp  ⁡    −   exp  ⁡    − K   V − L           ;    a n d   K =   1   0.78 σ     &   L = μ − 0.45 σ   



(2)




where the K (scale parameter) and L (location parameter) are characteristic values of the Gumbel distribution function. K and L can be calculated using μ and σ of the maximum instantaneous V, which are extracted from the numerical weather data for a specific return period at the target location.



Equation (3) expresses the relationship between the return period (T, years) and the cumulative distribution function [33,34]. Equation (4) is received from Equations (2) and (3).


   F   V   =     1 −   1   T     



(3)






  V ( t ) = − (   1   K   )   ln  ⁡  [   ln  ⁡    F   V     − 1     ] + L    



(4)







The current-induced force is obtained by combining the velocity component of the current with the wave-induced drag force. Sea currents impose a uniform flow on the underwater parts of the structure. The velocity of sea currents decreases linearly to the seabed [32]; here, the maximum current velocities can be estimated from vessel measurements near the site [35].




2.2. Reliability Analysis


The performance function or limit state function [36,37] defines the failure of a structure as the boundary between an acceptable and unacceptable performance. To evaluate the reliability or probability of failure, a specific performance function and the related load and resistance variables are needed. The performance function is generally expressed by Equation (5), where R is resistance, L is loading, and g gives the relationship between R and L and the basic random variables


  G   R , L   = R − L  



(5)







The strength and loads of a structure vary randomly; hence, there is always a probability of failure (    P   f    ). The     P   f     is defined based on FORM and using Equation (6) where G is less than zero or R is less than L. The FORM is used in structural analysis to compute the reliability index (β) which is defined as the shortest distance from the origin to the failure line. To determine the reliability index, the random variables are converted to dimensionless formats [38].


    P   f   = P ( R − L ≤ 0 )  



(6)







It is initially assumed that every variable has a normal distribution and that the probability distribution is determined by its mean and standard deviation. Rackwitz and Fiessler (R_F algorithm) proposed a method to estimate the reliability index as shown in Figure 2. The R_F algorithm computes the performance β of a system described by a function of statistically independent random variables [39].



In Figure 2,     U   i     represents a normally distributed independent random variable.     U   i   ′ *     =     α   i   *    β,        μ     U   i       means the value of the basic random variable, and     σ     U   i       is the standard deviation of the basic random variable. The mean values of the basic random variables can be used as initial values for the design points. The notations     U   *     and     U   ′ *     are used, respectively, for the design point in the regular coordinates and in the reduced coordinates.     μ   U   N     means the equivalent normal distribution;     σ   U   N     is the standard deviation of the equivalent normal distribution. The loop in Figure 2 is iterated to determine a reliable β until it converges to a desired value (∆β ≤ 0.005) [20,40]. The reliability index of the i-th member,   β  , which is uniquely related to the probability of failure, can be expressed as Equation (7) [32,39].


   β   = −   φ   − 1   (   P   f   )   = −   φ   − 1   ( p ( G   R , L   ≤ 0 ) )   



(7)




where   φ   the standard cumulative distribution is function and     P   f     is the probability of failure of the i-th member.



As stated earlier, to validate the reliability index obtained from the FORM, the MCS is employed which is based on generating a sequence of random numerical values for the probability distribution of each statistical variable. By defining a counting function j for the limit state function, integration is performed over the failure function of the structure. This function takes a value of 1 in the failure regions and 0 in the intact regions 1 [38], as given in Equations (8)–(11).


  J   X   =       0                               G   x   > 0               1                                 G   x   ≤ 0                  



(8)







Based on the definition of the counting function


    P   f   =   ∫  G   x   ≤ 0    …    ∫    f     x   1   …   x   n           x   1   , … ,   x   n     d   x   1   … d   x   n   ≈   1   N     ∑  i = 1   N    J     X   i        



(9)







Based on Equation (9), the probability of failure is equal to the ratio of the number of samples located in the failure area to the total number of simulated random samples (N), similar to the relationship expressed in Equation (10).


      P   f    ^  ≈     N u m b e r   o f   t i m e s   t h a t   G ( x ) ≤ 0   N    



(10)







The standard deviation of failure probability is determined using Equation (11).


  S =        P   f    ^  ( 1 −     P   f    ^  )   N     



(11)







It is worth noting that the accumulation of damage reduces the remaining strength of the structural members or its overall capacity which can increase the failure risk. The cumulative PoF over t years can be expressed using Equation (12) [20].


    P   f     t   = 1 −   ∏  k = 1   t    [ 1 −   P     f   a     ( k ) ]    



(12)




where     P     f   a       k     is the annual PoF in year k. Although maximum annual storms can be considered independent, the accumulation of damage in the structure and its deterioration are not so; hence, this assumption does not fully apply, and the approximation of the   P o F   in Equation (12) is conservative. If Z is the number of mutual damage modes considered in the dynamic analysis, then each damage mode can be defined by the level of corrosion damage in a set of elements. Hence, the     P     f   a       in year t can be expressed via Equation (13) [20].


    P     f   a       t   =   [ P     f   a , 0     ] [   P   z d     t   ] +   ∑  i = 1   Z    [   P     f   a , i       ] [ P   d i     t   ]    



(13)




where     P     f   a , i       is the annual conditional failure probability concerning damage state i,     P     f   a , 0       is the annual conditional failure probability concerning the absence of damage, and     P   d i   ( t )   is the probability of occurrence of damage state i in year t. In Equation (14),     P   z d     t     refers to the probability of no damage in year t.


    P   z d     t   =   ∏  i = 1   Z    [ 1 −   P   d i   ( t ) ]    



(14)







Finally, the annual reliability index (    β   a    ) for design lifetime is calculated using Equation (15) [20].


     β   a     =   φ   − 1     1 −   P     f   a     ( t )     



(15)







Target reliability is the minimum level of reliability that the offshore should maintain during its service time. It depends on the consequences and types of failure events that may occur. Target reliability can be calibrated using well-established cases with adequate safety. If not, previous studies based on the consequence and failure class can be used. The remaining reliability of structural components is the difference between the annual reliability and the annual target reliability [40]. The annual reliability of the i-th element (Rt) in service time t is the reliability index obtained by subtracting the PoF in two consecutive years. The minimum annual target reliability of the i-th element (RT) is the reliability index from the annual PoF. The remaining reliability of the i-th element (Rrem) is given by Equation (16).


     R   r e m     =   R   t     −   R   T     



(16)




when     R   r e m     approaches zero,     P   f     increases. In this situation, any action, as well as decreasing loads on the structure or increasing the strength of the structure, can be used to improve the     R   r e m    .



Reliability updating is a method to improve the accuracy of the reliability assessment of structures by incorporating additional information from inspections, measurements, or tests. Reliability updating can help optimize the maintenance of offshore structures by reducing uncertainties and identifying critical components. Different approaches to reliability updating exist. The choice of approach depends on the type and amount of additional information available and the structural details considered. The PoF of a specific element can be updated using additional information such as response measurement and damage detection. These can be modeled as events or variables [41]. The updated PoF (    P     f   u p      ) can be calculated using the conditional probability in Equation (17).


     P     f   u p       = P [   G ≤ 0   E     ] =   P [   G ≤ 0     ∩   E ]   P [ E ]     



(17)




where E is the possible result from the inspection which is discussed in the following section. It should be noted that Equation (17) is a general updating formula that can be applied to the inspected elements. G is the safety margin (the boundary limit function). Otherwise, the inspection information from inspected elements is applied to the uninspected elements updating. The information can also be used to update the basic variables. This kind of updating PoF can be calculated by replacing the updated random variables in the new safety margin [41].




2.3. Effect of Corrosion


Corrosion reduces the ultimate strength of offshore platforms, but it is not a separate limit state [5,8]. Most corrosion theories are based on general rules for short-term corrosion under ideal conditions. They do not provide practical information on how corrosion affects structural resistance under specific conditions [42]. Thus, predicting future structural performance requires a reliable degradation model. The model should account for the uncertainty in the corrosion factor as a random variable in the reliability analysis.



Probabilistic Weibull Corrosion Model


The corrosion rate of steel varies depending on the location of the platform [43,44]. Corrosion can be classified into three zones: the subsoil zone, the submerged zone, and the splash zone [5]. The subsoil zone is the part of the platform that is buried in the seabed. The submerged zone is the part that is always underwater. The splash zone is exposed to seawater splashing and air. The splash zone has the highest corrosion rate, followed by the submerged zone and the subsoil zone. The data from the previous studies on offshore platforms show that the corrosion depth of steel components in the splash zone increases slowly at first, then faster in the middle, and then slower again at the end [45]. This means that the corrosion rate is not constant over time. However, when no data are available, previous studies have assumed that the corrosion rate is linear over time [14,15,45]. Paik et al. [14] divided the corrosion process into two sections (the noncorrosive section, t ∈ [0,Tt0], and the corrosion section, t ∈ [Tt0,TLS]). Here, the corrosion rate is defined using Equation (18).


  R   t   =       0                                                                                                                                                                                 0 ≪ t ≪   T   t 0               D   ∞       γ   ϑ     [   (   t −   T   t 0     ϑ   )   γ − 1     ] ×   e x p ⁡ [ − (   t −   T   t 0     ϑ   )   γ   ]               T   t 0   ≪ t ≤   T   L S          



(18)







The time-related variation in corrosion thickness is defined using Equation (19).


  D   t   =       0                                                                                                             0 ≪ t ≪   T   t 0               D   ∞   ×   1 −   e x p ⁡ [ − (   t −   T   t 0     ϑ   )   γ   ]               T   t 0   ≪ t ≤   T   L S          



(19)




where D(t) is the corrosion thickness at time t, and D∞ is the ultimate corrosion. Tt0 shows the corrosion starting time, and TLS refers to the lifetime design of the platform;   ϑ   and   γ   are, respectively, the scaling and shape parameters [15].





2.4. Reliability Index of Tubular Member’s


The corroded elements are evaluated as undamaged elements with reduced thickness. The failure probability of the structure is calculated based on the failure criterion [46]. The structural element is a failure index under the combined effect of axial force and bending moment in two directions. The buckling of structural members is checked for both compression and tension states using two performance functions. The dented tubular elements are assessed for axial tension and compression loads, as well as combined axial and bending loads. The limit state function for the dented tubular members under combined axial tension and bending is given by Equation (20). The limit state function for the dented tubular members under combined axial compression and bending is given by Equation (21) [46,47].


  G = 1 − [     N   S d       N   d e n t , t ,   R d     +          M   y ,   S d       M   d e n t , R d         2   +         M   z ,   S d       M   R d         2    ]  



(20)






  G = 1 −       N   S d       N   d e n t , c , R d     +          C   m y     M   y , S d       1 −     N   S d       N   E , d e n t         M   d e n t , R d         2 − 3   δ   D     +         C   m z     M   z , S d       1 −     N   S d       N   E         M   R d         2       



(21)




where     N   d e n t , t , R d    ,      N   d e n t , c , R d   ,       N   S d   ,       M   d e n t , R d    , and MRd are the axial force tension capacity of the dented section, the axial force compression capacity of the dented section, the axial force on the dented section, the bending capacity of the dented section, and the design bending capacity of undamaged sections, respectively.     M   y , S d    , and     M   z , S d   ,   are the design bending moment about an axis parallel to the dent (y-axis) and the bending moment about an axis perpendicular to the dent (z-axis), respectively (see Figure 3).   δ ,   and D, are the equivalent dent depth and the tube diameter, respectively. Cm is the co-existence coefficient of the maximum moment with secondary moments, NE is the Euler loading moments, and     N   E , d e n t     is Euler buckling strength of the dented section, for buckling in line with the dent.




2.5. Repair of Tubular Members


The damaged members need to be fixed so that they can resume their designed function for the expected operation time. There are various repair methods for offshore tubular members but these are classified into two main types: replacing/renewing or strengthening [47,48], depending on how severe and extensive the damage is. The owners of the offshore platform and the design engineers decide on the suitable repair method based on the damage severity, repair cost, etc.



Reliability Updating through Repair


The accuracy of estimating the thickness change affects the reliability of assessing corrosion damage. The structures’ reliability is not necessarily improved by an inspection, but it allows for taking corrective actions. It is presumed that the material parameters and initial corrosion size have the same distribution, but are not statistically related. The failure event may need to be changed after repair, as explained later. If corrosion is found, measured, and fixed, the material’s statistical properties are expected to have the same size, but not statistically depend on each other. The repaired members’ ultimate strength should be assessed using a reasonable engineering method. Rather than detailed analyses, the resistance of a fully grouted tubular in combined tension and bending may be evaluated by Equation (22), ignoring the grout effect, or by Equation (23) if the tension’s maximum stress is small compared to the bending component’s [47].


  (       N   S d       N   t ,   R d     )   1.75   +          M   y ,   S d       M   R d         2   +         M   z ,   S d       M   R d         2    ≤ 1  



(22)






         M   s d     ≤     M   g , R d     =     W   t r     .       f   b g       γ   M       



(23)




where     M   s d   ,     M   g , R d   ,       W   t r   ,   a n d       f   b g     are the design bending moment for the grouted section, the design bending resistance of the grouted member, the elastic section modulus of the transformation, and the characteristic bending strength of the grouted member, respectively. The resistance of fully grouted tubular members under combined axial compression and bending is assessed to satisfy Equation (24):


      N   s d       N   c g , R d     +   T   1         M   s d       M   g , R d     +   T   2   (       M   s d       M   g , R d     )   2       ≤ 1  



(24)




where     N   s d    ,        N   c g , R d    ,     M   s d    , and     M   g , R d     are the design axial force on the grouted section compression positive, the design axial compression resistance of the grouted member, the design bending moment for the grouted section, and the design bending resistance of the grouted member, respectively. Detailed information can be found in NORSOK [47].






3. Structural Model


A sample offshore platform located in the Persian Gulf is investigated here. The jacket has four tilted bases with slopes of 1:6 and 1:7 and weighs 1600.0 T. It is designed for a water depth of about 65 m. The jacket has four legs in a 2 × 2 grid. The dimensions are 14 × 24 m at the top and 33 × 35 m at the midline. The leg members above the seabed are considered and the jacket is fixed at the seabed [20,49]. The deck has a four-story building and weighs 2000 T. The weight is applied as 500 T on each joint along the z-axis. Table 1 summarizes the material properties of the jacket and deck. Table 2 gives the dimensions of the members. The jacket has five stories with diamond braces and X-braces between floors (see Figure 4). Figure 4 also shows the height codes of the platform relative to the lowest astronomical tide (LAT); here, the splash zone is from EL (−) 3.20 m to EL (+) 4.80 m. The proposed method is tested for the jacket structure with 108 members, as shown in Figure 5.



Here, the gravity and environmental load conditions are considered in the design process. In practice, the design of the offshore platform structure is determined for a specific return period (e.g., 100 years).



In this study, the mean annual occurrence of significant wave height is directly extracted from metocean data at the platform location. Using Equation (1) and data from the Glenn Report [32], the results for the Persian Gulf platform location are presented in Figure 6. This figure is used to predict the maximum wave height (Hs) in the region [31]. From a probabilistic perspective, Figure 6 shows that very high wave heights may occur in this area, but with a low probability of occurrence. It also shows the relationship of log     F     H   m a x         h   m a x       and     H   s    .



Table 3 gives the scale and location parameters (K & L), which can be determined using the mean values (μ) and standard deviations (σ) of the maximum wind speed (V). These values are extracted from numerical weather data covering a 100-year period at the specified location in the Persian Gulf. The extreme wind speed results are summarized in Table 4. Based on records obtained from a buoy near the offshore platform location, the maximum speed of sea currents is measured. The design’s sea current speed is selected using site-specific statistics. Moreover, the presented wave hazard curve allows for estimating the probability of occurrence for specific return periods; the values of Hs and TP are then summarized in Table 4.



The maximum water depth at the offshore platform is taken as the LAT level from the seabed plus values of mean highest high water (MHHW) and 100-year storm surge, as given in Table 4. Marine growth increases the structure weight, hydrodynamic drag, added mass, and surface roughness. The effect of marine growth is based on Table 5. The sea current, wind, and waves are assumed to be in the same direction for all states. This simplifies the design load case DLC 1.2 in IEC 61400-3 [20,48] and gives conservative load results. The wave forces on the jacket and the marine growth are calculated using Morison’s equation [49,50]. The model uncertainty of Morison’s equation is considered by varying the drag (CD) and inertia (CM) coefficients in the dynamic analysis. The coefficients are 0.7 and 1.8, respectively, in the Persian Gulf. The jacket design follows API-RP-2A and uses the extreme mean wind at 10 m above the still water level [49,50]. Table 6 summarizes the dead and live loads.



3.1. Corrosive Depths of Tubular Components


It is assumed that the reduction in the cross-section’s brace wall thickness and the chords is uniform [41]. The corrosion rate of a steel element is modeled by a reduction factor to the thickness, which varies over time. Since no report is available on the corrosion of offshore platforms in the Persian Gulf, this paper uses the corrosion data of the No. 8 China offshore platform [45]. Equation (25) and Table 7 show how to calculate the corrosive depth in different zones based on the tubular parameters [39,42].


  D ( t ) =       0.05 t                                                                                                                           S u b s o i l   z o n e       10   1 −   exp  ⁡    −       t   20.9153       1.8052                                                                                                               0.0516 t                                                                                         S u b m e r g e d   z o n e                 S p l a s h   z o n e  



(25)







Table 7 shows that the corrosion is fast at first, then slows down, because the corrosion mass protects the steel surface. The platform has three zones: the subsoil, submerged, and splash zones. The zonal corrosion model shows that the corrosion depth is smallest in the subsoil and submerged zones, and larger in the splash zone. The Paik model predicts higher corrosion depths than the zonal model for the service period. The annual corrosion problem is to minimize the total structural mass loss under various constraints, as given by Equation (26).


  L o s s   m a s s =   ∑  k = 1     N   i      ρ     A   k   ( x )   L   K    



(26)




where x represents the vector of jacket member dimensions, i.e., diameter and thickness, A is the vector of crosssection area, L represents the length of each member, and     N   i     represents the total number of members, which is 108 here.




3.2. Dynamic Response and Reassessment of Tubular Member’s Reliability Index


To determine the statistical parameters related to the axial force and bending moment of offshore platform members, the structure is analyzed in the presence of random wave force. To this end, the structure is dynamically analyzed using the time history method, which models the sea platform response as a function of time [20,51,52,53,54,55].



The modal analysis is first performed to extract dynamic characteristics. Given the complexity of the structure, the matrix condensation method is applied to reduce the stiffness and mass matrices of the model. The added mass is automatically generated by SACS and depends on the member’s size and proximity to the free surface. Next, the entrapped mass is calculated for the designated members. The program accounts for hydrodynamic effects due to marine growth, as well as the impact of steel corrosion during the structure’s lifetime. Corrosion is modeled using a uniform thickness loss for each member. The wave response module is utilized in random wave mode to analyze the dynamic response of the structure, considering its three-dimensional model and dynamic characteristics.



In the second stage, time-domain solutions are required. For random time-domain simulation, a specific wave spectrum is first selected, and the water surface profile is then generated. If the wave height excitation is expressed in the form of spectral density, it becomes necessary to transform this design spectrum into an ensemble of representative time histories. Considering the geographical conditions of the Persian Gulf, this study employs Stokes’s fifth wave theory and the Pierson–Moskowitz spectrum to characterize the sea elevation process for simulating random waves. In the random wave procedure, the Pierson–Moskowitz spectrum is specified with a time duration of 1800.0 s. The wave spectrum is divided into separate strips, each with a center frequency corresponding to one of the possible wave components. These strips are then combined so that each lumped strip contains at least the minimum portion of the allowed spectrum. Accordingly, the amplitude spectrum is calculated, and the surface profile is generated. The effects of a steady horizontal current are included in the random wave analysis. Input data related to the spectrum, including significant wave height and peak period, are provided, and the resulting surfaces of the random wave simulations are produced.



After making surface elevations, time histories of the applied hydrodynamic loads are produced. Time histories of the structure response are achieved using the numerical time-domain integration. To this end, the random wave module is used and structural responses are calculated at each 0.25 s interval; the outputs include the bending moment in the y and z directions (    M   y     &     M   z    ) and the axial force (    F   X    ) where they are introduced as random variables for each member. Supplementary Materials gives the time history of     M   Y    ,     M   Z    , and     F   X     for Member # 5, as well as the wave spectrum, the water surface elevation, the total hydrodynamic force, the modal coordinates, the modal velocities, the modal accelerations, and the generalized forces.



In the fourth stage, the probability distribution function of the random variables is determined. The Easy-Fit software (v5.6) is employed to analyze the data of the random variables and choose the best distribution for them. Five different distribution functions are considered for each variable: Uniform, Exponential, Normal, Log-Normal, and Weibull. Then, the best probability distribution for each variable is selected and scored based on a comparison of the data distribution function via the Chi-square test [56,57,58,59]. Table 8 shows the parameters considered for the different PDFs of each random variable.



In the fifth stage, the failure mode is determined, which is defined by two performance functions, compression and tension. Here, the diameter and length of the elements are deterministic, while the other variables are random. In the sixth stage, the reliability index for each member is calculated using MATLAB and FORM via two performance functions, where the lowest value is taken as the critical reliability index. The critical annual reliability index for each member is then computed over the lifetime. Then, the MCS method is used to verify the FORM.



In the seventh stage, the remaining reliability of the member is determined based on the difference between the annual reliability of the structure during its service time and the annual target reliability. The structural reliability for offshore platforms has been estimated and compared with the target reliability suggested by DNV in many previous studies. Here, the minimum annual target reliability (RT) is 2.32 [20], which depends on the type of consequence of failure and class of failure (see Equation (16)).



In the eighth stage, the updating process and repairing of the members are determined when it starts and when the remaining reliability becomes zero (see Equation (17)). On the other hand, when the remaining reliability approaches zero, the repairs are initiated. The results are modified by repairing the members until the full capacity of the corroded members is restored. In the ninth stage, the repairing process of the member is determined. In this study, it is presumed that the damaged elements were repaired with a grouted sleeve (see [61,62,63]). In general, when     R   r e m     > 0, the platform does not need any repair, because it still has enough load-bearing capacity to perform its function. Moreover, there are no widely accepted industry norms, standards, or guidelines that specify when to fix the damaged tubular elements, as the potential consequences range from a minor dent to a significant deformation. Therefore, a repair criterion based on the remaining structure reliability is suggested, using the exceedance diagrams of the damage features along with the remaining structure reliability acceptance criteria. The FORM can also effectively estimate the behavior of the repaired element with D/t ratios of 46 or less. The parametric studies show that grout repair can restore an element to its original strength if the corrosion or dent depth is less than about 0.15D [62,63].



At the final stage, the updated reliability index for each repaired member is determined. Since each member is individually affected by constant corrosion, it is necessary to monitor the changes in axial forces and bending moments during the inspection period and under the applied loads. The new random history of the axial forces and bending moments is used to re-evaluate the new probabilistic parameters and the probability distribution function and to calculate a new reliability index. Finally, the updated reliability index for each repaired tubular member is obtained.





4. Reliability Prediction Results and Discussion


Based on Equation (26) and the parameters of the tubular members, the total weight estimation of corrosive components in different areas of the platform is shown in Figure 7, which presents the considered the weight errors and their impact on reliability.



Although the proposed model shows a significant difference in the corrosion rate of different parts, the total amount of mass loss due to corrosion in all members calculated by the zonal corrosion model (25.8 T) is close to that by the Paik model (24.4 T) if the service lifetime is less than 17 years. However, for a service period of more than 17 years, the predicted steel loss rates show a large scatter.



The most prominent feature of the proposed time-variant zonal corrosion model is to capture the potential switch of weak location and resulting failure path of corroded jacket offshore platforms, although the proposed model needs further calibration by more reliable in-field-measured data.



Given the absence of reports on the corrosion of a similar platform in the region, this study trusts reliable in-field data from the China offshore platform. A zonal time-variant corrosion model is developed to evaluate the remaining reliability of members within a jacket, using both the measured data and theoretical methods.



Table 9 and Table 10 show the results of the FORM for Member # 5 when it is under pressure and tension.



The limit state function depends more on the variable     M   Y     than on the others because the design point is farthest from the mean value when     M   Y     is the largest. Offshore platforms have multiple degrees of freedom and can vibrate in different ways. The structure is analyzed for the worst-case scenario (a 100-year event). Table 11 shows the first 10 vibration periods and the reliability index for each mode. The reliability index is the smallest for the first mode and the largest for the sixth mode. The vibration period increases as the element deforms, but this does not affect the reliability index.



The results in Table 12 show that the first mode is enough for calculations because the other modes do not change much. Figure 8 shows how the reliability index affects the members based on the limit state functions in Equations (20) and (21). This helps us to discover which failure mode is more likely to occur. It is also worth noting that, in reliability analysis, depending on the loading conditions, a component might be subjected to a sequence of tension and compression. Therefore, it is necessary to consider both conditions and determine a separate reliability index. The minimum reliability index is then considered as the critical reliability index for the examined component.



Figure 9 shows the verification carried out between the MSC and FORM. As seen, the reliability index obtained from the MCS is close to the indices derived from the FORM. The indices obtained from the FROM can be considered member health indices. Additionally, it is evident that most of the minimum reliability indices pertain to members located near the splash zone.



The plate thickness determines the geometric function of the tubular members; hence, the corrosion-induced reduction in the pipe wall thickness changes the subsequent reliability results. This effect is studied here. Figure 10 and Figure 11 show the reliability analysis results of the elements over the service time. Supplementary Materials contains the full details of all elements. The reliability index declines considerably every year, so only inspections and repairs can improve it. While repairs are common in the offshore platform industry during service time, Figure 10 and Figure 11 do not account for the repair effect, which is discussed in the next sections. Figure 10 and Figure 11 show that the reliability index is fast at first, but then slows down as the corrosion mass protects the steel surface.



The method described above requires the repair process to maintain the reliability of an element at a certain level. Figure 12 and Figure 13 show the remaining reliability analysis results of two selected members with repair, based on the limit state function in Equations (20)–(24). Supplementary Materials gives the results of all the members.



Figure 12 and Figure 13 indicate that inspection is essential when the remaining reliability is close to zero and, thus, the PoF is high. They also prove how the inspection intervals affect the remaining reliability of the structural component when corrosion is taken into account for inspection and repair. The inspection effect is smaller for larger initial corrosion sizes after repairing the tubular members. The repair plan for the elements depends on the local environmental conditions and the corrosion protection system. These figures also reveal that the reliability index decreases differently in the splash zones, which may relate to different corrosion limits and the higher corrosion value in these zones. This means that members in the splash zones require more frequent remedial actions, such as every 10 years or less.



The above figures demonstrate how reliable data on corrosion behavior are important for estimating the failure of structural elements as well as their reliability. Such data are crucial for predicting how the time-dependent failure risk evolves. As there is no information available on failure consequences for corrosion-resistant platforms, this section presents the classification of structural damage levels to describe the respective performance states in the range 1–4, as given in Table 13, where four damage levels are included: catastrophic, critical, moderate, and minor consequences. Furthermore, the failure effects on the crew members can be generated into four performance states of physical discomfort effect, work efficiency degradation, slight effect, and exposure limitation, health harm or loss of lives. The failure loss induced by the effect of crew members on the platforms should also include the cost of injuries and deferred production loss. The failure of facilities can lead to the leaking of petroleum and or the eruption of natural gas.




5. Conclusions


This study aimed to find the annual reliability index for offshore-type structures with corrosion and repair effects. The design values for different key factors of the annual corrosion hazard were determined by following the recommended industry practices and guidelines. Structural hazards depend on extreme environmental events and structural corrosion, which are managed by using suitable design criteria, repair and maintenance, quality assurance, and engineering process control. These measures are briefly explained here, with a focus on a quantitative design method for a lifetime approach. Here, the corrosion rate in the long term was used to define a constant annual thickness reduction rate due to corrosion over the lifetime. The marine growth effect over the lifetime was taken into account, which will increase the element thickness and the load in some members. Under the joint influence of the long-term offshore platform operating load, corrosion factors, and wave load, the tubular element damage accumulates continuously during the lifetime.



The structure elements’ corrosion growth predictions were probabilistically modeled. A fixed offshore platform was designed based on the API-RP2A-WSD, DNV, and NORSOK standards. Loads with a 100-year return period were dynamically analyzed over time. A model that used a failure index based on the jacket tubular members’ strength under axial force interaction and flexural anchor in two directions was improved by changing the members’ repair by the FORM model. The design provisions’ outcomes were used to set up the reliability analysis and repair assessment for this offshore system. All the tubular elements’ boundary limit functions were considered. The corrosion consequences’ severity was assessed by structural damage and repair using an extensive time history dynamic analysis of corrosion scenarios yearly and over the service time.



The reliability index’s dependence on key random variables was calculated with repair and corrosion effects in mind. The following conclusions are drawn from the results of the performance of tubular elements with dent and corrosion damage and their repair.



	
As the remaining reliability approaches zero, the chance of failure increases. In this case, any action that reduces the stress on the structure or makes the structure stronger can enhance the remaining reliability.



	
The remaining reliability depends on how much the annual reliability of the structure during its use differs from the annual desired reliability.



	
When tubular elements with corrosion are under load, their strength drops a lot because of local buckling in the corroded part. This local buckling happens because the wall thickness of the element is smaller in the corroded area.



	
The reliability model can accurately estimate how the specimens with dents that are not fixed will act. Grouted sleeve repair can restore the original strength of tubular elements that are damaged by corrosion.



	
The results show that the corrosion depth and degree of damage in different years severely affect the ability of the damaged elements to recover their original design strength after repair. Hence, how well a repair can bring back the initial strength of a tubular element that is corroded depends on how deep the corrosion is and how much the corrosion has affected it over the years.



	
Compared to other zones, such as submerge and subsoil, the splash zone tubular members play a crucial role. The results indicate that the remaining reliability of structural components becomes nearly zero after the first 10 years in the splash zone. This highlights the urgency for swift repairs.



	
One of the most critical aspects in the lifetime design of offshore platforms is to explain the dynamic behavior under the forces generated by sea wave interactions. Additionally, studying wave hazards and the probability of wave occurrences is a complex task. In this vein, the hazard curve presented (referring to Figure 6) calculates the probability of wave occurrence for specific return periods throughout the platform’s lifetime. Moreover, we must consider the potential occurrence of specific events based on geographical factors.



	
While the corrosion of the splash zone can be modeled using the Weibull model, other areas can be modeled linearly. Although the proposed model shows distinct differences in the corrosion rates across various regions, the overall mass reduction due to corrosion is similar between the two models for a service life of less than 17 years. The most significant difference between the two models lies in the ability of the model to identify locations of severely weakened elements resulting from intense corrosion, where structural failure may initiate. Therefore, to achieve a reliable reliability index for each structural element, the model should be calibrated when trustworthy field-measured data become available.






Here, the connections between members were modeled as rigid where no fatigue or impact was considered. Furthermore, no hydrostatic pressure was considered. Overall, this methodology here can measure the corrosion in offshore platforms in terms of numbers. The jacket offshore structures have many parts, so grouping them can make the calculations easier. Future studies can find the best reliability level of the jacket, which can help offshore platform owners make better decisions about corrosion-based safety analysis.
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Figure 1. Organization of the study planned here. 
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Figure 2. The process of estimating the reliability index (β). 






Figure 2. The process of estimating the reliability index (β).



[image: Jmse 12 00504 g002]







[image: Jmse 12 00504 g003] 





Figure 3. Definition of axes for dented section [47]. 
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Figure 4. Sketch of primary jacket offshore platform model. 
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Figure 5. Two-dimensional view of the jacket elements selected for the reliability analysis. 
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Figure 6. Wave hazard curve in the Persian Gulf for each estimated return period. 
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Figure 7. Comparison of the mass loss of the offshore jacket using two different corrosion models. 
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Figure 8. The effect of tensile and compressive performances on the reliability index of members. 
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Figure 9. Comparison of MCS and FORM on the reliability index of structural members. 
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Figure 10. Comparison of variation in reliability index (β) of structural members over service time for splash zone in damage state (leg members and horizontal bracings). 
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Figure 11. Comparison of variation in reliability index (β) of structural members over service time for splash zone in damage state (vertical bracing members). 
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Figure 12. Effect of inspection updating on remaining reliability of members (    R   r e m     over service time for splash zone in damage state (Member # 1). 
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Figure 13. Effect of inspection updating on remaining reliability of members (    R   r e m     over service time for splash zone in damage state (Member # 2). 
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Table 1. The steel characteristics.






Table 1. The steel characteristics.





	Elastic Modulus
	Poisson’s Modulus
	Steel Density
	Yield Strength





	2 × 105 MPa
	0.3
	7860 kg/m3
	345 MPa










 





Table 2. The dimensions of the elements.






Table 2. The dimensions of the elements.





	
Description

	
Number of Elements

	
Diameter (mm)

	
Thickness (mm)






	
Legs

	
29-34-57-79-22-27-51-73-17-20-45-67-2-5-9-13

	
1400

	
45




	
36-41-63-85

	
1450

	
45




	
105-106-107-108

	
1500

	
50




	
Vertical Bracing

	
3-4-18-19-7-8-43-44-11-12-65-66-15-16-87-88

	
500

	
22




	
23-24-25-26-47-48-49-50-69-70-71-72-90-91-92-93

	
500

	
26




	
30-31-32-33-53-54-55-56-75-76-77-78-95-96-97-98

	
600

	
22




	
37-38-39-40-59-60-61-62-81-82-83-84-100-101-102-103

	
550

	
25




	
Horizontal Bracing

	
1-6-10-14-21-46-68-89

	
550

	
28




	
28-52-74-94

	
750

	
40




	
35-58-80-99

	
800

	
42




	
42-64-86-104

	
750

	
45











 





Table 3. Scale and location parameters to calculate extreme instantaneous wind velocity.






Table 3. Scale and location parameters to calculate extreme instantaneous wind velocity.





	Description
	Value





	Scale parameter, K
	0.311



	Location parameter, L
	22.1










 





Table 4. Design load parameters used in the SACS model for a 100-year storm.






Table 4. Design load parameters used in the SACS model for a 100-year storm.





	
Description [Unit]

	
Value






	
Extreme storm wave height (HS) [m]

	
12.2




	
Extreme storm wave period (TP) [s]

	
11.0




	
Extreme storm current velocity [m/s]

	
0.5 m above the seabed

	
0.71




	
1.0 m above seabed

	
0.78




	
At mid-water depth

	
1.28




	
Surface current

	
1.28




	
Extreme wind velocity 10 m above LAT, 1 min mean [m/s]

	
36.7




	
LAT above seabed [m]

	
63.0




	
MHHW above LAT [m]

	
1.7




	
Storm Surge (100 yrs.) [m]

	
0.3




	
Total still water depth (SWL) [m]

	
65.0











 





Table 5. Characteristics of marine growth.






Table 5. Characteristics of marine growth.





	
Thickness (mm)

	
Minimum Elevation (m)

	
Maximum Elevation (m)

	
Special Weight (gr/cm3)






	
75 radial

	
EL (+) 2.0

	
EL (−) 6.0

	
1.4




	
75 mm decrease to 50 mm radial

	
EL (−) 6.0

	
Seabed











 





Table 6. Summary of the dead and live loads on deck.






Table 6. Summary of the dead and live loads on deck.





	Description
	Itemized Loads
	Value (kN)





	Dead loads
	Architectural, electrical, fire and safety, instrumentation, mechanical, piping, etc.
	14,400



	Live loads
	Open area, laydown area, muster area, building area, drilling, production, etc.
	5200










 





Table 7. Corrosive depth in different corrosion zones.






Table 7. Corrosive depth in different corrosion zones.












	Time-in-Service (Year)
	Splash (mm)
	Submerge (mm)
	Subsoil (mm)
	





	1
	0.00
	0.00
	0.00
	0.00



	2
	0.143
	0.103
	0.1
	0.02



	3
	0.28
	0.152
	0.15
	0.04



	4
	0.49
	0.206
	0.2
	0.12



	5
	0.711
	0.251
	0.25
	0.23



	6
	0.996
	0.31
	0.3
	0.37



	7
	1.312
	0.362
	0.35
	0.53



	8
	1.617
	0.413
	0.4
	0.69



	9
	1.95
	0.465
	0.45
	0.85



	10
	2.32
	0.516
	0.5
	0.99



	11
	2.62
	0.57
	0.55
	1.13



	12
	3
	0.619
	0.6
	1.25



	13
	3.37
	0.675
	0.65
	1.35



	14
	3.84
	0.722
	0.7
	1.42



	15
	4.12
	0.779
	0.75
	1.49



	16
	4.6
	0.82
	0.8
	1.53



	17
	4.99
	0.87
	0.85
	1.56



	18
	5.33
	0.92
	0.9
	1.59



	19
	5.59
	0.97
	0.95
	1.60



	20
	6
	1
	1
	1.61



	21
	6.27
	1.07
	1.05
	1.62



	22
	6.65
	1.13
	1.1
	1.62



	23
	6.89
	1.18
	1.15
	1.62



	24
	7.22
	1.23
	1.2
	1.63



	25
	7.726
	1.3
	1.25
	1.63










 





Table 8. Basic random variables [57,58,59,60].






Table 8. Basic random variables [57,58,59,60].





	
Random Variable

	
Distribution

	
Chi-Square Test

	
Average Values

	
Coefficient of Variation (CoV)






	
Modulus of elasticity, E

	
Normal

	
-

	
2.1 × 105 MPa

	
25%




	
Steel yield stress,     σ   y    

	
Log-Normal

	
-

	
356 MPa

	
10%




	
Thickness, t (mm)

	
Normal

	
-

	
28

	
0.04




	
Axial force,     F   X    

	
Weibull

	
0.04491

	
The average values and CoV of each member are dynamically analyzed and determined in the presence of wave forces




	
The bending moment around axis Y,     M   Y    

	
Log-Normal

	
0.11139




	
The bending moment around axis Z,     M   Z    

	
Weibull

	
0.04491











 





Table 9. The FORM for Member # 5 under compressive performance.






Table 9. The FORM for Member # 5 under compressive performance.





	Random Variable
	The Final Design Point in the Standard Space
	The Design Point in the Main Space
	The Partial Derivative





	     F   X     
	0.0189
	445.3642
	0.0045



	     M   y     
	4.8952
	5.8953 × 104
	1.1925



	     M   z     
	2.8953 × 10−4
	496.2251
	7.3323 × 10−5



	E
	−0.3945
	3.8953 × 108
	−0.09986



	     σ   y     
	−0.3833
	2.0953 × 105
	−0.07985










 





Table 10. The FORM for Member # 5 under tension performance.






Table 10. The FORM for Member # 5 under tension performance.





	Random Variable
	The Final Design Point in the Standard Space
	The Design Point in the Main Space
	The Partial Derivative





	     F   X     
	3.8125 × 10−4
	425.0611
	9.6125 × 10−5



	     M   y     
	4.8122
	4.1158 × 104
	1.1738



	     M   z     
	3.8153 × 10−4
	511.3241
	9.0115 × 10−5



	E
	−0.5112
	3.6489 × 108
	−0.1129



	     σ   y     
	−0.4711
	1.9987 × 105
	−0.09321










 





Table 11. Evaluation of reliability index for Member # 5 in different vibration modes.






Table 11. Evaluation of reliability index for Member # 5 in different vibration modes.





	Mode Number
	1
	2
	3
	4
	5
	6
	7
	8
	9





	Period (s)
	9.68
	8.35
	6.61
	5.12
	4.97
	3.83
	3.71
	3.01
	2.81



	Reliability index (β)
	5.22
	9.93
	9.34
	10.34
	7.15
	10.99
	8.60
	8.30
	10.56










 





Table 12. Evaluation of reliability index for Member #5 in vibration cumulative modes.






Table 12. Evaluation of reliability index for Member #5 in vibration cumulative modes.





	Cumulative Modes
	1
	2
	3
	4
	5
	6
	7
	8
	9





	Reliability index (β)
	5.22
	5.23
	5.22
	5.19
	5.18
	5.18
	5.18
	5.18
	5.18










 





Table 13. Description of platform failure consequences.






Table 13. Description of platform failure consequences.





	

	
Consequence




	
Annual Reliability Index (    β   a    )

	
Level of Consequence

	
Inconvenience or Physical Discomfort

	
Interference with Operations, Work Efficiency Degradation

	
Suspension of Operations, Loss of Assets, Threat to Structural Integrity, Failure of Facilities, Health Harm

	
Loss, Pollution, Deferred Production, Compromised Structural Integrity, Leaking of Oil and or Eruption Natural Gas






	
3.72   ≤   β   a    < 4.44

	
Minor

	
[image: Jmse 12 00504 i001]




	
3.09   ≤   β   a    < 3.72

	
Moderate

	
[image: Jmse 12 00504 i002]




	
2.32   ≤   β   a    < 3.09

	
Critical

	
[image: Jmse 12 00504 i003]




	
    β   a     < 2.32

	
Catastrophic

	
[image: Jmse 12 00504 i004]
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