Journal of
Marine Science

and Engineering

Article

Cost-Benefit Assessment of Offshore Structures Considering
Structural Deterioration

Gerardo Varela and Dante Tolentino *

check for
updates

Citation: Varela, G.; Tolentino, D.
Cost—Benefit Assessment of Offshore
Structures Considering Structural
Deterioration. J. Mar. Sci. Eng. 2023,
11,1348. https://doi.org/10.3390/
jmse11071348

Academic Editor: Decheng Wan

Received: 8 June 2023
Revised: 25 June 2023
Accepted: 29 June 2023
Published: 1 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Departamento de Materiales, Universidad Auténoma Metropolitana, 420 San Pablo Avenue, Nueva el Rosario,
Azcapotzalco, Mexico City 02128, Mexico; al2211800709@azc.uam.mx
* Correspondence: dantetl@azc.uam.mx

Abstract: Offshore facilities are essential infrastructure systems for many nations because their partial
or total interruption causes diverse consequences in the economic, political, environmental, and
social sectors. With the aim to preserve such structures at acceptable reliability levels, an approach is
proposed to calculate the optimal instant of time in which inspection and maintenance works can be
performed. The optimal time instant is estimated following the cost benefit criterion (CB) considering
the cost of inspection, repair and failure. The inspection cost is given by an inspection quality, while
fatigue crack size at different critical joints is calculated to estimate repair costs. In this paper, the
concept of demand exceedance rates is introduced to evaluate the failure cost. Uncertainties related
to both storm and operational waves are considered. The optimal time instant is associated with
the lowest cost of inspection, repair and failure. For this purpose, the approach is exemplified in
an offshore jacket structure situated in the Gulf of Mexico. The optimal instant of time corresponds
to 6 years after the offshore jacket installation. If maintenance actions are implemented every six
years during the lifespan of the system, an economic reduction of 58% is achieved, compared to the
case in which no inspection and maintenance works are performed over time. The approach helps
decision-makers ensure the best use of economic resources.

Keywords: optimal time instant; offshore structures; demand exceedance rate; maintenance; cost-benefit
analysis

1. Introduction

Energy is an essential factor that represents a significant role in the progress and
development of nations, causing an increase in the human need for transportation, knowl-
edge, and cultural entertainment. The necessity for society to satisfy the energy demand
started with the use of wood, followed by its transformation to coal at the beginning of
the industrial age, when coal became the most used energy source. Nowadays, the most
important fossil fuel sources are oil and gas, with a worldwide extractable amount of
4878.0 x 108 tons and 471 x 1012 m3, respectively [1]. The main concentration of this source
is in North America, South America, Russia, and the Middle East. In Mexico, offshore oil
exploration started in Tampico Bay, Tamaulipas, with low-level production in the 1950s.
In 1976, Cantarell oil field was discovered in the Bay of Campeche, and the Mexican oil
industry expanded significantly. Several discoveries on the coast of Mexico predict signif-
icant oil production by the 2020s [2]. Therefore, the increase of o0il production supports
the need to study offshore systems that are essential to satisfy the energy demand: it is
necessary to maintain offshore structures at acceptable reliability levels, proposing tools or
methodologies that extend their lifespan.

A structure must operate at a serviceability level for a period of time associated with
a certain reliability indicator. The reliability indicator is used as a metric to express the
safety level of the system and is available in the literature expressed as the number of
times when the structural demand is exceeded by the structural capacity considering the
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corresponding uncertainties (confidence factor, index B) [3,4], the number of times that an
interest threshold is exceeded per year (exceedance demand rate) [5,6], or the number of
times per year that structure failure is expected (mean annual failure rate) [7,8]. Reliability
indicators help mitigate risk in the retrofit of existing structures or design of new systems.
Such indicators can be included in the formulation to perform structural optimization.

Structural optimization focuses on finding the best solution that satisfies each specific
condition of the problem. The optimization problem has been used to improve the design of
new systems. Ref. [9] develop an optimization method to design reinforced concrete frames
maximizing structural robustness and minimizing the steel reinforcement requirement.
Ref. [10] propose an adaptive optimization algorithm to minimize construction costs of
reinforced concrete retaining walls. The optimal solutions lead to a cost reduction of up
to 20%. Ref. [11] determine an optimal design for trusses using artificial neural networks.
The optimal design corresponds to the system with the lowest weight. For the case of
existing systems, different optimization techniques have been developed. Ref. [12] propose
an approach to establish an optimal replacement schedule for structural elements in cable-
stayed bridges. Ref. [13] develop a bridge maintenance plan considering performance, traffic
disruptions, environmental impact, and costs. Ref. [14] present an approach to select a
maintenance strategy for a miter gate considering risk and cost. Moreover, the optimization
problem has been used to comply with a pre-established reliability indicator. Ref. [15] present
an optimization approach to obtain a preestablished reliability index in bridge systems exposed
to corrosion. Ref. [16] propose an optimal design of buildings that incorporates damper devices
to minimize the probability of failure. Ref. [17] implement an optimization methodology to
minimize both weight and probability of failure of a long-span steel arch bridge.

In the case of offshore structures, their integrity is reduced due to the effect of different
environmental loads such as wave, sea current and wind. Considering the importance of
offshore systems for the oil industry, it is necessary that they operate in service conditions
for a certain period of time which implies to establish a periodic maintenance. The plan
must consider factors that affect the performance of the marine systems such as fatigue.
Ref. [18] emphasizes the impact of fatigue on the establishment of maintenance plans.
Ref. [19] underline the importance of considering probabilistic methods for fatigue crack
size prediction. With this purpose, different maintenance plans have been proposed using
different techniques. Ref. [20] develop maintenance strategies for offshore systems using
artificial neural networks to identify life extension opportunities. Ref. [21] propose an
approach for establishing maintenance programs of offshore structures based on multiob-
jetive optimization that considers structural reliability, damage index, and cost. Ref. [22]
implement a maintenance plan for offshore jacket structures using Bayesian networks
that consider different factors such as condition, environment, and inspection data. Ref. [23]
develop a maintenance plan for offshore platforms considering system reliability and Bayesian
networks. Ref. [24] defines a procedure to optimize an offshore platform using Markov chains
to maximize safety and cost. In the specific case of proposed maintenance plans based on a CB,
Ref. [25] present a maintenance plan considering initial and damage costs. Ref. [26] estimate
the optimal inspection time interval considering structural components susceptible to damage.
Ref. [27] establish different maintenance scenarios for decision-making, analyzing the impact
of different inspection time intervals. Ref. [28] obtain the optimal time for maintenance works
taking into account three different cases: (a) both the structural capacity and the structural
demand vary over time, (b) only the structural demand changes in time and (c) only the
structural capacity changes in time. Ref. [29] propose a maintenance plan that considers
time-dependent errors in structural monitoring diagnosis. The approach considers different
maintenance strategies such as unnecessary, corrective, and predictive.

The aforementioned literature shows important advances in obtaining an optimal
inspection time for maintenance. However, they have not used the concept of demand
excess rate to simulate demand values. Thus, the present study finds the optimal time of
inspection based on a CB. The quality of inspection calculates both inspection and repair
costs. The cost of failure is estimated using a damage index that relates demand to capacity.
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The approach is illustrated with an offshore system situated in the Gulf of Mexico, Mexico,
in which structural deterioration causes crack growth at different joints. The development
and implementation of maintenance plans for platform systems in the Gulf of Mexico is
important because the systems were installed more than 30 years ago, and many of these
systems present some damage. Figure 1 shows a drilling platform located in the area of
Bacab that corresponds to the Campeche Bay in the Gulf of Mexico.

-l

Figure 1. Drilling platform (a) profile view and (b) joint damage.

2. Cost-Benefit Approach

Considering that the structural system survives after the instant of time At, Tolentino
and Ruiz [28] propose the following equation to estimate the expected total cost, which
takes into account the inspection cost, Cins(0,At), repair cost, CRrep (0, At), and failure cost,
Craz(0, At) as follows:

Cror(0,At) = Cins(0, At) + Crep(0, At) + Crar(0, At) (1)
where
B NI
Cins(0,At) = Y Cp g arexp[—vm(A) —7£(0, At)] 2
m=1
o NI n
Crep(0,At) = ) ) CRj|q,AtP(Dj,m(At) > d)exp[—ym(At) —7¢(0, At)] 3)
m=1j=1

NI N
Crar(0,At) = ) Cpm\DI,Ath et — tror)exp[—ym(At) =7 (0t — 1)) (4
m=1 =1
where Cy, |, o; is the cost of inspection at At associated with an inspection quality, ¢; C,]_‘q, A
is the cost of repairing the j — th element at At for a given q; Cr, | pj a¢ is the failure cost at
At for a given damage index, DI; 7] represents the expected number of failures at At; n
is the number of critical joints to be repaired; exp[—7, (At)] is a factor that converts each
cost at the instant At to the present value for a certain discount rate, ;. N corresponds
to the number of intervals under consideration; NI = DL/At represents the number of
inspections to complete during a certain time interval, DL. 7 is estimated as follows [30]:

_ ar\~§ r?
7p(0,At) = k(%) "exp {@ (Ulznmh,m + e + ‘fng)] O, At) ©)
Q6 = g (B ) - F(4 B Cx)

(6)

B Cxon) (1+ (52) 1) (1+ () (S28) ()]

where the median value of capacity, C(At), at the instant At as C(At) = at — BrAt; the
median structural demand, D(At), for a given wave height, iy, is equal to D(At) =
(a+ fAt)hY,..; ar and Bt are parameters that fit C(At); k and r are constants that fitted the
shape of the wave hazard curve for an hy,x of interest by v(hyax) = khax™ ' a, f and b are
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parameters of D(At); lenc and ‘71211 Dy, TEPTESENE the variances of the natural logarithm of
demand and capacity; 07 = 07 + 07 is the total epistemic uncertainties related with
the structural demand, 07, and capacity, 07 ; Q) (t, At) represents a factor that corrects of
the expected number of failures at the instant At; F(A, B; C; x) is a hypergeometric function
that is solved as follows [31,32]:

F(A,B;C;x) = 1+ﬁ%x+ A(A+1)B(B+1) 2

21C(C+1) v
A(A+1)...(Atn—1)B(B4+1)...(n+1) _n @)
- C(CH1).(Crn—T)n! x
where
Tt ot f(Brtar) _ f(Br(t+At) +ar)
A=1-B=—-7C=2 b,x(f)—faT_“Tﬁ,,x(t+At)— Fur — apr 8)

The inspection quality, g, involves different factors such as crack size, inspection
technique, and equipment used. The inspection quality is associated with a probability to
detect a certain crack size, PoD(x). The probability of finding a certain crack size is related to
a curve constructed for different inspection techniques, described by logistic, exponential, or
lognormal models [33]. It is considered that PoD(x) can be expressed as follows [34,35]:

PoD(x)=1-— exp(x_)\amm),ﬂ > Apmin ©)

where a,,;, is equal to 2 mm [36]; A is the mean size above a,,;,, as A = 1/g; q takes values
between 0.2 and 0.3 [28]. P(D;,,(At) > d) is the structural fragility at At in the j — th
element. The local structural deterioration, D]-,m(At), is related to the crack size at different
hot spots that appear at each critical joint in the system. Then, the crack size under random
loadings is as follows [37]:

d /
B (K)o (10)
dt
AKyy = Y S0’ (11)

where C and m represent the material properties; AKj;;, represents the mean stress intensity
interval; Y represents a geometric factor [38]; Sy, is the mean stress interval of the random
response of the element [39]; v/ is the rate of positive zero crossings; and a’ represents the
crack size.

An equivalent cyclic load is used to replace the random load in which their dynamic
properties are given as function of expected properties of the random process. After some
mathematical arrangements between Equations (10) and (11) the following is obtained:

_ (v da
a(t) = /ﬂo v Cs™ o't (12)

where g is the initial crack condition and a ¢ represents the final crack condition after N cycles.
The failure cost, Cr, |py ¢, involves the structural damage that is expressed in this
study in terms of a normalized damage index, D1, as follows [21]:

Co — C(At)

DI = ———=% 13
Cy— D(At) (13)
where Cy represents the structural capacity without damage; C(At) is the structural capacity
at a time instant At, and D(Af) represents the structural demand at instant At. The concept
of demand exceedance rate, vp(d), is used to estimate the structural demand at the instant
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At. vp(d) indicates the number of times per year that the structural demand is exceeding.
Therefore, vp(d) is calculated as follows [40]:

UD()\d) = /O U(hmax)P(D > Ad|hmax)dhmax (14)

where v(lyqy) is the derivative of the wave hazard rate; P(D > Aj|lmqy) is the fragility for
a given maximum wave height /1.

3. Cost-Benefit Evaluation

An optimal time instant helps decision-makers to program periodic actions to extend
the lifespan of the system, spending the minimum amount of money, and ensuring ser-
viceability conditions. Thus, Algorithm 1 outlines the process to calculate the optimal
time instant for maintenance and inspection works. The process begins by generating a
structural model of the offshore platform. Then, the critical joints and their hot spots are
identified. Considering operational sea states and storms, the crack size at each hot spot
is calculated. The joint capacity due to fatigue is decreased over time. Both the capacity
and the demand are estimated, considering structural deterioration due to fatigue over
time. Exceedance demand rates are calculated based on structural demand estimation.
The expected number of failures is estimated according to the information of structural
capacity and demand over time. The exceedance demand rates obtained are characterized
by a function with the aim of building # realizations of demand values and waiting times
between events. Based on n realizations, the time at which each demand per realization
appears is identified and associated with the following: (a) an exceedance of a detectable crack
growth threshold for the inspection cost, (b) an exceedance of a crack growth threshold at
which a repair action is suggested, and (c) a damage index, which is calculated to estimate the
failure cost. Then, the expected total cost is calculated. The obtained cost represents a cost that
is updated to present value. The update of the cost is performed by the factor exp[—7, (At)]
that is implicit in Equations (2)—(4). Thus, an economic scenario for decision making is given,
and the decision maker has elements for planning the inspection and repair time.

Algorithm 1 The pseudocode to estimate the optimal time instant

Ll N

Begin
A sgtructural model of the platform is generated 33. while m < number of hot spots of critical joint / do
Critical joints are identified through nonlinear static analysis. 34. Crack size, a, at each hot spot is estimated at time ¢
The crack size at each hot spot of each critical joint is estimated by 35. ifa > 2mm
fatigue analysis over time. 36. ifm>2
Structural capacity, C, and structural demand, D, are estimated over time. ~ 37. Inspection cost CI|q; , is estimated.
The expecltei;l numc’ti)er of f?lilures is estimated. 4 38. P(Dy ,(At) > d) is evaluated.
Numerical demand exceedance rates are estimate " C 5 :
Number of simulations (1) are defined 3. Repair FOSt CR‘E"'W is estimated. .
Initialize counter i = 1 40. Inspection cost Cins (0, At);, = CILi + Cl|q, ,, is
whilei < ndo calculated _
The i-th realization of waiting times, Jt, and demands is generated. 41. Repair cost Crep (0, At);, = CR;x + CR|qy;,, is
Initialize counters j = 1and k = 1 calculated ’ "
Initialize At =0 42. else
while j < number of simulated events do 43. m=m+1
At = At +6t; 44. end if
The j-th damage index D1; ; is estimated 45. end if
ifk=1 46. end while
DIouxk=DI;, ig ?idd 1'(1)_111e to the hot spots counter, (/)
P ; _ . end while
elsléutlahze control variable ¢ =1 49. Costs associated with damage index, DIy, are calculated.
if DI;j > Dlgyxg—1 50. Failure costs Cpa; (0, At)i,k is estimated.
Dlauxi=DlI; 51. The expected total cost Cra;(0, At); , is estimated
Initialize control variable ¢ = 1 52. add one to the simulated events that cause damage counter, (k)
else 53. end if
Initialize control variable ¢ = 0 54. add one to the simulated events counter, (j)
end if 55.  end while
end if 56. add one to the realizations counter, (i)

ifc ==1 57. end while _ _
Initialize counter | = 1 58. Mean of Cins(0, At), Crep (0, At) and Crap(0, At) are calculated
Initialize Cl;j = 0, CR;x = 0and CF;; =0 59. Mean optimal time instant is defined
while I < number of critical joints do 60. end

Initialize counter m = 1




J. Mar. Sci. Eng. 2023, 11, 1348

6 of 18

4. Ilustrative Example

The optimal time instant based on a CB is estimated for an offshore jacket structure.
The system is situated at Ku zone in the Gulf of Mexico. The system is characterized by a
2D model that represents one of the interior frames of the platform. The structure is 76.66
m high, and it has 500 tons of weight at the deck (see Figure 2); the water depth is 70.1 m.
The model is structured with ASTM A36 steel tubular elements (see Table 1), and the lateral
shear strength of the piles inside the jacket legs is considered.

6.66 m O Joint ID
] Element ID
Hot spot
-6.430m
-19.230 m
-33.130 m
L2
-50050m __ @
~70.000 m
Figure 2. Offshore fixed platform.
Table 1. Geometric properties.
Element ID Diameter (m) Thickness (m)
E23 and E32 5.08 x 107! 2.30 x 1072
E39; E40; E42; E43 and E44 6.10 x 101 2.30 x 1072
E22; E24; E26; E27; E31; E33; E35; E36 and E37 6.10 x 1071 2.86 x 1072
E28; E29 6.60 x 107! 1.91 x 1072
E10; E11; E19 and E20 7.62 x 1071 1.91 x 1072
E04; E05; E06; E08; E09; E13; E14; E15; E17 and E18 7.62 x 1071 2.30 x 102
EO01 and E02 7.62 x 1071 2.86 x 1072
E03; E70; E12; E16; E21; E25; E30; E34; E38 and E41 1.46 x 1071 2.22 x 1072

4.1. Environmental Hazard

Environmental loads such as wind, wave, sea current and other factors contribute to
the progressive structural deterioration of marine structures. The characterization of each
environmental hazard using probability concepts is essential to estimate possible scenarios.
Therefore, the information on environmental loads related to wave, wind, and sea currents
is obtained from the PEMEX code [41] (see Figure 3).
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Figure 3. Environmental hazard: (a) Maximum wave, (b) wind speed and (c) sea currents.

4.2. Fatigue Assessment

Fatigue is one of the principal phenomena that causes undesirable behavior in marine
structures because it produces cracks at different hot spots of each joint. It is important to
mention that each joint contributes differently to the overall capacity. For example, joints
located in the lower part of the system usually contribute more, while joints located in the
upper part of the system contribute less. It is possible to perform fatigue analysis for all
joints; however, the contribution of some of them is negligible. Based on the above, it is
assumed that fatigue analysis is carried out on those joints that contribute significantly to
the overall capacity (critical joints). Critical joints are selected based on their contribution
to the global capacity. The contribution is determined reducing the capacity of each joint;
then, the global capacity is estimated by nonlinear static analysis. According to the above,
the critical joints that provide the greatest capacity to the system are nodes 1 to 8. Two
hot spots are defined for each end of the tubular element connected to the critical joints.
The zone of hot spots presents both the maximum and the minimum stresses of each
structural element. Several nonlinear dynamic step-by-step analyses are performed in
the system to calculate the stresses of each hot spot using several simulated wave events
related to different return periods. On the other hand, it is assumed that sea conditions have
reached a fully developed state, which implies that wind has blown for a long period over a
considerable distance, which leads to an equilibrium sea state. The spectra commonly used
to describe fully developed sea states are the Jonswap [42], Pierson-Moskowitz [43], and
Bretschneider [44]. In the absence of robust wave height data in the Campeche Bay, some
authors have used the Pierson-Moskowitz spectrum to describe the frequency content of
the waves with reasonable results [45-47]. Thus, the Pierson-Moskowitz [43] spectrum is
used to describe the wave frequency content. It is assumed that a homogeneous Gaussian
stationary process can be followed to describe the sea surface elevation as a superposition
of regular waves considering phase angles between 0 and 27t. Monte Carlo simulation is
employed to calculate the crack size at each hot spot using Equation (12). A set of thirty
thousand simulations for crack growth in which the statistical moments become stable
were considered. It is considered that the arrival times between storms are exponentially
distributed [48]. Table 2 shows the statistical parameters obtained from offshore systems
situated in the Gulf of Mexico.
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Table 2. Statistical parameters utilized for simulating crack growth [49].

Parameter Mean Standard Deviation Distribution
a(t) According to the joint and time ~ According to the joint and time =~ Lognormal
Smr According to the joint and time ~ According to the joint and time Rayleigh
a/c 0.25 - -

M* 3 0.3 Normal
InC* —40.39 —0.69067 Normal
ag 0.00011 - -

* Correlation coefficient = 0.9.

The distribution functions related to both crack growth and mean stress interval
are verified by means of the probability paper technique. Ref. [49] suggest that such
distributions depend on both the joint and the time. Figure 4a shows the probability plot
of the mean stress interval, S,,;;, at one end of element 1, in which the continuous line
represents the Rayleigh distribution function. Figure 4b shows the probability plot of the
crack size, a(t), at a hot spot of joint 1 for the time instant equal to 12 years. The continuous
line expresses the lognormal distribution function. It is noticed that data of both stress
interval and crack size acceptably fit their respective distribution function suggested in [49].
If the distribution functions used to characterize the crack size and mean stress interval are
not suitable, a bias in the estimation of the cost of inspection and repair can be estimated.

0.9995 | ‘ ‘ ‘ ' 0.9999
[ 0.9995 |
0.995 | 0.995 |
0.99 +
0.95
) L
= 095 £ s
= 09 =2
8 s 05 |
E 0.75 r S 0‘25 L
B A~
05 0‘05 L
025 1 0.005 F s
0.05 | 0.0005 |
0.0001 =——— - : - : 0.0001 Z . . . .
0 0.5 1 1.5 2 2.5 3 8.4 8.6 8.8 9 92
4
S (MP2) x10 a(t) (m) X107
(a) (b)

Figure 4. Probability plot: (a) mean stress interval; (b) crack size.

Crack size at joints affects both the strength and the stiffness of the system. [50,51]
suggest reducing the original capacity of joints using a linear reduction factor. Then, the
reduced capacity of the cracked joint, P, is estimated as [50]:

Ac
P. =P, (1 — A;) (15)

where P is the intact joint capacity; A, is the cracking area of all elements connected to each
joint, and A; corresponds to the intact joint area. Figure 5 shows the percentage of capacity
reduction of the critical joint 1 for a set of thirty thousand simulations in a continuous gray
line, while a continuous black line indicates the mean value of the reduction. It is observed
that the joint capacity reduction due to fatigue is about 41.97% after 20 years of the offshore
jacket installation.



J. Mar. Sci. Eng. 2023, 11, 1348

90f18

100 1

>><100

80

<=

60

T T T T T T 1

0 5 10 15 20

Time (years)
Figure 5. Reduction areas at joint 1.

4.3. Structural Capacity

The structural capacity is obtained through non-linear static analysis employing a set of
twenty lateral load profiles related to the return period of 1431 years [41]. The deterioration
of the structure is given by the capacity reduction at each critical joint due to crack size from
fatigue estimation. The median value of the global capacity due to cumulative damage
caused by fatigue is shown in Figure 6. It is considered that the structural capacity follows
a lognormal distribution function [28,30]. The global displacement at the deck is selected
as indicator of the structural capacity. It is noticed that time instant At = 0 represents the
no damage condition of the system. The median values of the capacity show a reduction
between 0.254 and 0.19 m for a period of 0 to 20 years, which indicates a decrease of 25.19%
after 20 years after the system installation. Figure 6 shows the importance of considering
the effect of the accumulated damage because the reliability of a certain system is commonly
overestimated by assuming that the capacity remains constant over time. The median value
of capacity is fitted by C(At) = a — BrAt. Figure 7 shows the standard deviation of the
structural capacity over time. The values of the standard deviation are equal to 0.0302
at 0 years and 0.2478 at 20 years, indicating an increase of 820.52%, which is expected
because the system is exposed to a greater number of storms and operational waves as
time increases.

Median of capacity € (m)
=
b2
[

—— C(At) = 0.2517 — 0.003At

0 5 10 15 20
Time (years)

Figure 6. Median of the structural capacity.
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Figure 7. Standard deviation of the natural logarithm of capacity.

4.4. Structural Demand

The structural demand is calculated by employing nonlinear dynamic analyses using
20 simulations of waves related to different wave heights. With the purpose of con-
sidering the identical state of deterioration of the system to evaluate both capacity and
demand at a given instant of time, it is feasible to use the capacity reductions obtained in
Section 4.2, in which the capacity of each critical joint is reduced due to fatigue. The
median value of structural demand, D, given a maximum wave height, K.y, at the
time instant, At, is expressed by D(At) = (a+ fAt)hL,,,; the median values are fitted
as D(At) = (6.10 x 1076 +3.00 x 10~7At)h3;}.. The standard deviation of the demand for
a maximum wave height is expressed as 0j,pj,,.. = (210 X 1073 +2.80 x 107 °At) hid,.
Figure 8 shows the median values of the structural demand related to different wave
heights. It is observed that the demand values for wave heights less than 15 m are similar,
demonstrating that the system response is in its linear range. The median value of demand
for instants 0, 3, 6, 9, 12, 15, 18 and 20 years at /5y = 23 m are equal to 0.118, 0.134,
0.147,0.162, 0.172, 0.193, 0.21 and 0.225 m, respectively. The above values indicate that the
structural demand considering the cumulative damage due to fatigue, presents increments
of 13.98%, 24.31%, 18.89%, 37.17%, 45.54%, 63.15%, 77.77% and 90.63% with respect to
intact conditions (At = 0). The above indicates that it is not suggested to omit structural
deterioration because reliability considering demand without deterioration is different
from reliability considering demand in an instant of time. Therefore, both the inspection
and maintenance times of the system result longer, which leads to wrong decisions.

0.25
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Figure 8. Median of the structural demand.

4.5. Expected Number of Failures

The expected number of failures, 77(0, At), are calculated using the statistical values
of structural capacity and demand obtained in Sections 4.3 and 4.4. The parameters k and
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r at hya = 23 m are equal to 5.8 x 10% and 5.2. The epistemic uncertainties related to
demand and capacity are equal to 0.15 [21]. Figure 9 shows the expected number of failures
over time indicating an increase up to a value of 0.0093 at At = 20 years. The expected
number of failures associated to operational behavior (10 years) [41] is equal to 0.0027,
which represents an increment of 1507.8% with respect to the time At = 1 year. Notable
differences are observed between 10 and 20 years, with an increase of 359.63%, which is
attributed to years of operational wave action and storm events that accelerate fatigue
damage, affecting the capacity of each critical joint.
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Figure 9. Expected number of failures.

4.6. Demand Exceedance Rates

The demand exceedance rate expresses the number of times that a demand threshold
of interest is exceeded per year, and its inverse indicates the return period of the demand
threshold. The numerical exceedance demand rate is calculated using Equation (16) with
both the information of Section 4.4 and the wave hazard of Section 4.1. Figure 10 shows
different demand exceedance rates in terms of global displacement considering demand
thresholds, A4, with values of 0.01, 0.02 up to 0.23 m. Figure 10 shows that the operational
condition with a value of l,,¢ equal to 8.7 m [41] is associated with a threshold value of
D = A4 = 0.034 (see Figure 8), which presents an exceedance rate equal to 0.4661. The
above implies that the structure could exceed the operational condition 2.15 years after the
system is built. Similar to the operational condition, the maximum wave height associated
to the design condition, /.y = 16.7 m, is equal to 0.08 m. Based on the above, the return
period of design condition is expected to be exceeded after 8.158 years. The ultimate
resistance condition is associated to /5y = 23 m [41] and a value of A; equal to 0.124 m at
At = 0 years, representing an exceedance rate equal to 0.0248 with a return period of being
exceeded of 40.32 years.



J. Mar. Sci. Eng. 2023, 11, 1348

12 0f 18

0.8+

0.6 1

vp ()

0.2 1

0.0 T T T T il 1
0.00 0.05 0.10 0.15 0.20 0.25

Maximum displacement (,)

Figure 10. Numerical demand exceedance rates.

Numerical demand exceedance rates can be fitted by the following expression [52]:

_ A C:(Admax_/\d >£

op (d) (Ad0> )‘dmax - /\dO 16
where A, represents the calculated minimum demand value; Ay, corresponds to the
maximum demand value estimated; ¢ and ¢ are parameters that fit the shape of vp(d).
The inverse transformation method [53], is used to simulate demand values; then, the
cumulative distribution function of vp(d) is equal to F(y) = 1 — vp(d)/vo, vo represents
the exceedance rate associated with the A; considered. In this case, A; equal to 0.01
corresponds to vg = 0.8. On the other hand, it is assumed that the arrival of demands can
be described by a Poisson process; then, the waiting times of demands follow an exponential
distribution [54]. After some mathematical arrangements, the demand occurrence time
is T; = —|In(u)/vp|; where u represents random numbers [55]. Based on the above, two

thousand realizations of demand and waiting times are simulated. Figure 11 shows only
one realization.
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Figure 11. Realization of demand and waiting times.

4.7. Optimal Time Instant

The optimal time instant for maintenance works is estimated by means of two thou-
sand realizations of both demand and waiting times. The inspection, repair and failure costs
are estimated per each simulated demand, whose arrival time matches the corresponding
damage due to fatigue obtained in Section 4.2. The inspection cost is assumed in case
that the probability of detecting a crack size of 2 mm [23] represents a secure event. If the
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crack size is detectable, the inspection cost per joint is equal to 3518 USD [56]. The visual
inspection with divers is considered. Divers descend to perform the visual inspection using
flashlights. The joint to be examined is recorded and photographed. Once the inspection
is completed, the divers analyze their notes, photos, and recordings to give an opinion.
The repair cost is applied at the time in which the conditional probability of the crack
size exceeds the threshold of 4 mm [57]. This study considers that repair action is by
welding with divers, and the cost of each hot spot equal to 20,000 USD [58]. Submarine
welding with divers is usually performed as follows: (a) the surface joint is cleaned, and
any coating or dirt is removed, (b) the area is sealed with bags or waterproof coatings,
along with submersible blankets or covers, and (c) anti-corrosion weld is applied with
special electrodes; either arc or pulsed welding technique can be used. If inspection and
repair of the joints is not performed properly, the reliability of the system is affected. The
inspection affects to a lesser degree because if no visible cracks are reported, the damage is
accumulated up to the next inspection. However, if the joint repair has not been performed
correctly, the assumption that the joint recovers its initial capacity is not satisfied. Then,
the reliability of the system decreases, and undesired behavior could occur before the next
inspection and maintenance work. The failure cost, Cr, jp s, considers costs related to
indirect losses, deferred production, and equipment damage. The cost related to indirect
losses considers the consequences of the system presenting structural damage, impacting
directly on other sectors such as power, agriculture, minerals, gas, basic chemicals, textile,
tires and petrochemicals, among others, as follows:

Cpip = Cr, (P’”> DI* (17)

by
where Cr, is the cost of a loss related to the damaged system with a value equal to
1.086 x 10'° USD; P, is the production of oil barrels per day, equal to 184,000 [41], and P;
corresponds to the total oil extracted per day in the Bay of Campeche with a value equal to
2,100,000 barrels [41].
The cost of pollution considers the volume of the oil spill over sea due to structural
damage of the system as follows:

COR'SA'Ef

CPOD = W (18)

where Cop is the cost of oil recovery, equal to 541.57 USD per hour considering an efficiency,
E s of 0.81 h/km? [59], and S 4 represents the affected area [59] as follows:

2
Sa = 0.04AwP, DI*U* +2.27 (AmeDI4) i1 (19)

where Aw is the difference of densities between water and oil equal to 0.06341; f represents
the time of oil spill with a value of 2400 s and U is equal to 30 m/s.
Deferred production cost is estimated as follows [60]:

DL ~DL+Tgrp
Cope = 365/ CePulcexp [—m(T — B)]dT — 365/ CePullcexp [—ym(t — B]dT  (20)
t t

where DL is equal to 30 years [28]; Cc is the price of crude oil, equal to 92 USD/barrel;
U represents the economic benefit of selling, equal to 12%; Trp is the time to recover the
product, with a value of four years. The annual discount rate, v, is equal to 6% [21].

The equipment damage cost relates the structural damage in terms of DI to the cost of
equipment as follows:

Ceop = DI-Cggpr (21)

where Cgqpr is the cost of the drilling equipment, with a value of 130,000,000 USD [61].
Equation (1) can be evaluated using expected or simulated values. The variables that
influence the simulation of the expected total cost are crack size, demand and capacity
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on the system. Crack size is involved in (a) the inspection quality, g, for the inspection
cost and (b) the probability that a certain crack size in the j-th element at At exceeds a
given threshold, P(D;,,(At) > d), in case of repair cost. Demand and capacity modify
the expected number of failures, 77-(0, At), that are found in the cost of inspection, repair,
and failure. The lognormal probability distribution function is used to simulate the crack
size, a(t), and the statistical parameters of crack size depend on the joint and the time
instant of interest, as shown in Table 2. Structural demand is simulated based on the
considerations described in Section 4.6, in which demand and waiting times are simulated
(see Figure 11). Based on the arrival time of each demand, the capacity is simulated with the
help of the statistical values shown in Figures 6 and 7. The damage index, DI, is calculated
over time using the simulated values of demand and capacity. Figure 12a,b show the
damage index and an example of crack size at one hot spot of joint 1 over time for two
thousand simulations.
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Figure 12. (a) Damage index and (b) crack size simulation.

Using Equation (1) and the procedure described in Section 3, Figure 13 shows the
inspection, repair, failure, and expected total cost. Each cost of the inspection is shown
with a gray dotted line, the repair cost in a dashed and dotted gray line, the failure cost
in a dashed gray line, and the expected total cost in a continuous gray line. The mean
values of each cost are shown with the same type of line in black color. Figure 13 shows
that inspection and repair costs present a greater dispersion for shorter periods, while
the failure cost shows dispersion in greater time intervals. Such behaviors are due to the
following: (1) for intervals between 1 and 3 years, the inspection quality influences the
decision of whether to perform inspection actions or not, due to the probability of detecting
a certain value of crack size; (2) for periods of time smaller than four years, the crack size
defines the conditional probability related to maintenance; after four years of time interval,
the conditional probability tends to be an event with a certain probability value; then, the
repair costs are activated until they result in certain to occur event, in which the cost of
repairing all critical joints becomes constant as time increases; (3) the failure cost presents
low dispersion values due to both time intervals less than 6 years with low probability that
a high value of demand occurs and low values of the expected number of failures, 77(0, At).
Nevertheless, as the time interval increases, both #(0, At) and the probability of occurrence
of a high demand value increase, resulting in different failure cost values. Moreover, a
reduction of inspection and repair costs is observed as the instant of time increases, while
the failure costs increase with longer time instants. The minimum mean value of the
expected total cost (continuous black line) results in a value of 6 years, indicating the
optimal time instant for maintenance works in the system. Table 3 shows the expected
mean values of inspection, repair, failure, and total cost at different time instants. It is
observed that the cost of inspection and repair increase for short time instants due to higher
number of interventions that are necessary during the lifetime of the system. The cost of
failure is not influenced by short time instants because the expected number of failures
results in a low value. However, as the time interval increases, the value of the expected
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number of failures increases, which directly affects the cost of failure. In the literature,
there are proposals for maintenance plans in which the optimal time instant is estimated in
18 years [62], 10 years [63] and 5 years [64]. Although the proposed approaches consider
different assumptions and the systems are located at different sites, the time instants for
inspection and maintenance actions are consistent with the time instant found in this work.
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Figure 13. Expected costs.

Table 3. Expected mean costs at different time instants.

Time Instant  Inspection Cost Repair Cost Failure Cost Expected Total Cost
(Years) x108 USD %10 USD x10° USD x10° USD
1 0.38 3.48 0.00 3.87
3 0.13 3.31 0.05 3.50
6 0.06 2.13 0.45 2.64
9 0.05 1.75 1.52 3.32
12 0.04 1.35 3.64 5.03

5. Conclusions

A probabilistic approach to calculate the optimal time instant for maintenance works
considering the structural damage due to fatigue over time was proposed. The optimal time
instant is estimated in accordance with a CB, in which different costs, such as inspection,
repair, and failure, are considered. The system reliability is defined in terms of the expected
number of failures. The approach can be applied to any type of offshore system and can be
changed for its use in other structural systems under different environmental conditions.

The approach is illustrated with an offshore jacket structure. The calculated cost of
failure without inspection and maintenance actions in 30 years is equal to 31.74 x 10° USD.
If inspection and maintenance actions are performed at the optimal time instant of 6 years,
five interventions in 30 years are required, with a total cost of 13.20 x 10® USD, which
represents a reduction of 58.4%, compared to the cited failure cost. The optimal time instant
is related to an expected number of failures equal to 0.0014, while at At = 20 years the
value is 0.0093, which represents an increase of 84.94%. The exceedance demand rate
associated with the operational condition (8.7 m of wave height) is equal to 0.034, and
its inverse indicates that such condition is expected to be exceeded 29.41 years after the
jacket installation, which suggests that the optimal time instant is appropriate, and does not
compromise the performance of the system. The above is valid for similar system topology,
wave loads, and sites.

The approach helps decision-making and risk management to maintain the system at
acceptable reliability levels and minimum costs, which help to extend the lifespan of the
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system. On the other hand, the approach requires solving a hypergeometric function, which
makes it impractical for structural engineers, and requires considerable computational time
to obtain the optimal time instant. The approach can be improved to consider multiple
offshore platforms to find a common minimum cost, which would help to reduce costs at
the offshore o0il complex. The proposed approach can be compared with other techniques
such as multiobjective optimization to identify areas for improvement. In addition, climate
change can be included in the optimization problem to improve the characterization of
the physical problem. The above represents a challenge because it requires several studies
on the increase of sea level, and occurrences and intensity of hurricanes, among other
aspects that affect the performance of the system. Then, maintenance time instants could
be reduced.
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