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Abstract: Maintenance intervals and approaches for marine equipment have been the subject of nu-
merous studies, focusing on previous failure patterns and associated risks. However, in vessels like 
drillships, operating under high reliability requirements and possessing significant redundancy, 
maintenance strategies have a critical impact on overall performance. This study investigates the 
influence of operational configurations on maintenance intervals and approaches for generator en-
gine subcomponents onboard a drillship. Using data on injector failures onboard drillships, we em-
ploy the maintenance concept adjustment and design (MA-CAD) method to analyse and determine 
maintenance intervals across various operational configurations. Initially, we analyse the failure 
pattern of fuel injectors and propose a reduction in maintenance intervals through Weibull proba-
bility distribution fitting. Additionally, a risk analysis is conducted to assess the impact of opera-
tional configurations on risk indices related to fuel injector reliability and safety consequences. Our 
findings reveal that different operational configurations of the power generation plant can lead to 
changes in risk indices, shifting injector reliability status from unacceptable to undesirable limits. 
Consequently, maintenance intervals need to be adjusted as well to ensure optimal performance 
and safety. Furthermore, considering various engine subcomponents and their reliability under dif-
ferent operational configurations suggests the need for tailored maintenance approaches. This re-
search provides insights into optimising maintenance strategies for drillship, ensuring reliability 
and safety across diverse operational scenarios. 

Keywords: drillship; engine maintenance; maintenance interval; maintenance approach; ship 
power plant; operational configuration; injector failures 
 

1. Introduction 
The maintenance of plants and machinery is an important activity that ensures the 

safe operation of machinery. This is especially important for specialised vessels, as the 
operational safety of the machinery is crucial for both the operation’s success and the 
crew’s safety. One such example is a drillship, which is built with a high degree of redun-
dancy in order to achieve a high level of operational safety. In addition to their design, 
drillships are managed under High-Reliability Organisations arrangements (HRO). These 
organisations are defined as ones that prevent catastrophic losses in environments where 
accidents and mishaps are highly likely. This high risk is due to the complexity of opera-
tions and equipment involved in drillship activities [1–4]. The drillship’s equipment and 
propulsion systems rely entirely on electric power, making the reliability of its diesel gen-
erators crucial. Beyond structural performance, the diesel–electric system of the drillship 
offers various management options. These options enable different levels of redundancy, 
influencing the risk of potential catastrophic failures. The aim of the analysis performed 
in this research is to evaluate the influence of different forms of power plant management 
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on generator engine failure impact and, consequently, on their maintenance interval and 
approach. Due to data availability, our research is based on engine injector failures data 
from the ship’s technical records (e.g., engine logbook) and aims to evaluate the mainte-
nance intervals and approaches for the injectors. Additionally, it investigates how the dif-
ferent operating settings of the diesel–electric system impact its maintenance require-
ments. Extensive searches through academic journals and online resources yielded no 
analogous research studies that implemented a similar approach and that had considered 
different operational configuration and operational conditions when analysing the 
maintenance approach for the same subcomponents. 

For the evaluation of maintenance requirements, a maintenance concept adjustment 
and design (MA-CAD) method is used. It is a strategic approach for designing and adjust-
ing maintenance organisation systems in technical settings. It focuses on optimising cost 
efficiency while adhering to reliability standards [5]. This method involves analysing and 
reconfiguring the maintenance concept to reduce Life Cycle Costs (LCC) without compro-
mising reliability [6]. The MA-CAD analysis includes evaluating the time between fail-
ures, maintenance duration, and the impact on performance characteristics, including de-
rived metrics like reliability, accessibility, and maintainability. The calculation, interval 
adjustment, and maintenance approach changes based on the MA-CAD methodology are 
performed in several sequences: 
• Operational data analysis—consists of identifying components and analysing their 

failure causes, i.e., creating a network of actors and Failure Mode Cause Combination 
(FMCC). Based on the available historical data of failures, the predictability of fail-
ures (p) is calculated based on the Weibull distribution and its parameters ratio (η), 
shape (β), and position (t0). The position parameter (t0) represents the minimum life-
time of the component, i.e., the so-called initial time, which is assumed to be 0 in our 
case because the occurrence of defects is possible immediately after the installation 
of the component. Therefore, the two-parameter Weibull distribution (W(η, β)) is 
used for the calculation. 

• Risk analysis—in which the limits of the lower risk criterion (LRC), upper risk Crite-
rion (URC) and the risk index (RI) are defined as the mathematical probability of 
occurrence and consequences of the event. This consequence of the event is expressed 
as the significance index parameter (SI) and the probability of occurrence is expressed 
as the Expected Life Failure Frequency (ELFF). 

• The selection of the maintenance concept is based on the value of the obtained RI and 
the predictability, i.e., on the parameters of the shape and ratio of the Weibull distri-
bution. 
Vučinić [5] first presented the MA-CAD maintenance approach in his dissertation. 

Bukša [6] examined the 13-year failures of a specific ship in his dissertation and optimised 
the maintenance approach using the MA-CAD methodology. In addition to the adapta-
tion of the maintenance concept for the mentioned ship, this part extends the MA-CAD 
method with a system for planning the quantity of spare parts. Further research on the 
adaptation of maintenance intervals of ship systems and equipment can be seen in Figure 
1, and is described in several studies, e.g., Šegulja et al. [7], Bukša et al. [8], Stazić et al. [9]. 

Different maintenance strategies and their effectiveness within HRO organisations 
are analysed by Andriulo et al. [10]. An additional overview of the impact of maintenance 
within HRO on the operational robustness and resilience and reliability of systems is pro-
vided by Okoh et al. [11,12] and Herrera et al. [13].  
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Figure 1. Model of maintenance concept adjustment and design [7]. 
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2. Methodology and Data Source  
2.1. Data Source and Characteristics of the Drillship 

The data source is based on extracts from the drillship’s engine room technical rec-
ords [14]. These records contain, among others, records of repairs and maintenance work 
carried out on all equipment in the engine room. The period taken into consideration dur-
ing this research is from May 2009 to December 2016. 

The drillship mentioned in this research is a Samsung 12000 design capable of oper-
ating in water depths up to 12,000 ft. Its diesel–electric system is powered by six high-
voltage diesel generators that are installed onboard. The power system is configured in 
three separate engine rooms (PS, CENT and STB), so that two diesel generators with all 
auxiliary systems are in each of these engine rooms (Figure 2). This structure of the power 
supply system provides high system redundancy and protection against potential threats 
to operations, equipment, and personnel. 

 
Figure 2. Schematic of the propulsion diesel–electric plant of the drilling ship [15]. 

The generator’s drive engines are of the MAN 16V32/40 type and deliver 8000 kW at 
100% MCR. The electrical system consists of three independent high-voltage switchboards 
with a voltage of 11 kV. Two high-voltage switchboards, located in the port and starboard 
engine rooms (PS and STB), supply all the equipment on board in addition to the equip-
ment in the engine room of their location. The power supply to the individual drilling 
equipment is fully redundant; one unit is supplied from the port side switchboard (PS), 
while the other unit is supplied from the starboard high-voltage switchboard (STB). The 
third high-voltage switchboard (CENT) only supplies the equipment in the central engine 
room (CENT). The ship’s propulsion equipment is supplied by each individual high-volt-
age switchboard, so that two azimuth thrusters (one at the bow and one at the stern of the 
ship) are supplied from each panel. Therefore, a total of six azimuth thrusters (three at the 
bow and three at the stern) with a total output of 33 MW (6 × 5.5 MW) are installed. 

The diesel–electric system can be operated in a closed circuit (“closed bus”) where all 
three high-voltage busbars are connected to form the single electrical system of the ship. 
Another setup operation mode is the open circuit concept, wherein the high-voltage 
switchboards are separated from each other in three independent electrical systems 
(“open bus”). The operation of diesel generators in an open circuit increases the safety of 
the electrical plant in terms of resistance to the effects of failures on operational safety, 
while reducing the redundancy of the available engines. Depending on the operating 
mode, the safety and operational risk change, which could have an impact on the mainte-
nance approach. 
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2.2. Calculation Methodology 
2.2.1. Operational Data Analysis 

The frequency of failures (λ) is based on ISO 14224 [16] and is calculated according 
to model (1),  

𝜆𝜆 =
𝑛𝑛
𝑡𝑡

   (1) 

where (n) is the number of failures and (t) is the lifetime of the equipment.  
According to the general definition in ISO 14224 [16], the Mean Time Between Fail-

ures (MTBF) is calculated using Formula (2). 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =
1
𝜆𝜆

=
𝑡𝑡
𝑛𝑛

   (2) 

However, the observed failures on the engine fuel injectors are compared with the 
Weibull distribution and the parameters ratio (η—scale parameter), shape (β—shape pa-
rameter) and position (t0—position parameter) are calculated. The position parameter (t0) 
represents the minimum lifetime of the component, i.e., the so-called initial time, which is 
assumed to be 0 in our case because the occurrence of defects is possible immediately after 
the component is installed. Therefore, the two-parameter Weibull distribution (W(η, β)) is 
used in the calculation, and the failures are compared with the distribution whose Proba-
bility Density Function (PDF) looks like the one presented in Figure 3a, according to For-
mula (3), as per Kizilersü et al. [17]. 

𝑓𝑓(𝑡𝑡, 𝛽𝛽, 𝜂𝜂) =
𝛽𝛽
𝜂𝜂

�
𝑡𝑡 − 𝑡𝑡0

𝜂𝜂
�

𝛽𝛽−1
𝑒𝑒

�−�𝑡𝑡−𝑡𝑡0
𝜂𝜂 �

𝛽𝛽
�

 (3) 

The Cumulative Distribution Function (CDF), Figure 3b, for the two-parameter 
Weibull distribution is calculated according to Weibull [18], as per Equation (4). 

𝑀𝑀(𝑡𝑡) = 1 − 𝑒𝑒
�−�𝑡𝑡−𝑡𝑡0

𝜂𝜂 �
𝛽𝛽

�
 (4) 

The Reliability function R(t) (RF) is known as the function of the expected failure. The 
reliability function for the two-parameter Weibull distribution is expressed by model (5), 
as per Weibull [18].  

𝑅𝑅(𝑡𝑡) = 𝑒𝑒
�−�𝑡𝑡−𝑡𝑡0

𝜂𝜂 �
𝛽𝛽

�
 (5) 

Therefore, the MTBF in our case is calculated based on the obtained parameters for 
the two-parameter Weibull distribution calculated for the observed engine according to 
Formula (6), as per Modarres et al. [19]. 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 𝜂𝜂 𝛤𝛤 �1 +
1
𝛽𝛽

� (6) 

Predictability (p) indicates the ability to predict the expected Mean Time Between 
Two Failures (MTBF) and is then calculated according to Formula (7), as per Vučinić [5]. 

𝑝𝑝 = �
1 −

𝜎𝜎
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

;  𝜎𝜎 < 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
    

                  0;   𝜎𝜎 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
 (7) 
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(a) (b) 

Figure 3. Weibull functions for different values of ratio and shape parameters: (a) Weibull PDF func-
tion; (b) Weibull CDF function. 

2.2.2. Risk Analysis 
The probability of a ship loss F(L) due to a failure of the propulsion engine during its 

lifetime results from expression (8), Vučinić [5].  

𝑀𝑀(𝐿𝐿) = 1 − 𝑒𝑒−𝐴𝐴𝐴𝐴𝐴𝐴×𝐿𝐿 (8) 

AFR stands for the Average Ship rift-off Rate and L for the lifetime of the vessel in 
years. Equation (9) are used to calculate the probability of certain fault with known other 
probability values by means of fault tree analysis, as per Vučinić [5]. 

“AND”: P(A∩B)=P(A) × P(B) 

“OR”: P(A∪B)=P(A) + P(B) - P(A) × P(B) 
(9) 

The significance index (SI) is furthermore introduced to establish the consequence of 
the event and to calculate the risk criteria, and is represented in Table 1 [6].  

Table 1. Significance index with gradation of failure effects [6]. 

Class Magnitude SI Possible Failure Effects 

Safety 

Catastrophic 1 Deaths, loss of ship, environmental catastrophe 
Critical 0.1 Critical injury, major ship damage, damage to the environment 
Severe 0.01 Minor injury, damage to ship, secondary damage 

Marginal 0.001 Possible injury, possible damage to ship 
Negligible <0.0001 No injury, no damage to ship or environment 

Operation 

Not Available 0.01 The ship is unavailable for operation during some days 
Partially Available 0.001 The ship is unavailable for operation during some hours 

Reduced Performance 0.0001 The ship operates with reduced performance 
Available <0.00001 The ship is fully operational 

Expression (10) is used to calculate the Expected Life Failure Frequency (ELFF), as 
per Vučinić [5], which can be defined as the probability of occurrence. 

𝐸𝐸𝐿𝐿𝑀𝑀𝑀𝑀 = 𝑀𝑀(𝑀𝑀)
𝐿𝐿

∫ 𝑅𝑅(𝑡𝑡)𝑑𝑑𝑡𝑡𝑇𝑇
0

 (10) 
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where F(T) is the probability of failure during the maintenance period (T), L is the service 
life of the component, and R(t) is the reliability of the component. In the case that MTBF 
<< L, as per Vučinić [5] we can write that: 

𝐸𝐸𝐿𝐿𝑀𝑀𝑀𝑀 =
𝐿𝐿

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
 (11) 

URC is calculated according to expression (12), Vučinić [5]. 

𝑈𝑈𝑅𝑅𝑈𝑈 = 𝐸𝐸𝐿𝐿𝑀𝑀𝑀𝑀  𝑆𝑆𝑆𝑆 (12) 

3. Analysis Results 
3.1. Adjustment of Maintenance Intervals Based on Operating Data Analysis 

The injector failures recorded in the technical records of engine no. 1, i.e., engine PS1, 
are listed in Table 2. The failures were recorded in periods of 3000 operating hours, which 
correspond to the maintenance interval for the injectors according to the manufacturer’s 
instructions. The recorded injector failures occurred between 2009 and 2016. 

Table 2. Record of injector failures for PS1 diesel engine [14]. 

Cylinder Injectors 
Fail 

Engine RH 
Total RH of Injector 
Since Last Service 

Cylinder Injectors 
Fail 

Engine RH 
Total RH of Injector 
Since Last Service 

Cyl A2 injector 14,632 2632 Cyl B4 injector 12,387 387 
Cyl A6 injector 11,524 2524 Cyl B3 injector 16,570 1570 
Cyl B4 injector 8425 2425 Cyl B2 injector 14,752 2752 
Cyl B3 injector 4521 1521 Cyl A8 injector 6479 479 
Cyl A5 injector 1462 1462 Cyl A4 injector 1240 1240 
Cyl A1 injector 325 325 Cyl B8 injector 563 563 
Cyl B3 injector 18,542 542 Cyl A1 injector 428 428 
Cyl B8 injector 12,354 354 Cyl A3 injector 428 428 
Cyl A7 injector 6942 942 Cyl B3 injector 254 254 
Cyl A5 injector 8250 2250 Cyl B5 injector 1783 1783 
Cyl A6 injector 20,539 539 Cyl A5 injector 5486 2486 
Cyl B4 injector 12,457 457 Cyl A4 injector 8720 2720 
Cyl B3 injector 8563 2563 Cyl A3 injector 13,529 1529 
Cyl A2 injector 1235 1235 Cyl B2 injector 18,475 475 
Cyl A4 injector 15,476 476 Cyl A1 injector 20,145 1145 
Cyl A7 injector 15,476 476 Cyl B4 injector 20,632 632 
Cyl B1 injector 19,875 875 Cyl A4 injector 8542 2542 
Cyl A7 injector 6524 524 Cyl A6 injector 13,547 1547 
Cyl A1 injector 8753 2753    

When handed over from the shipyard to the ship owner in May 2009, the engine had 
127 operating hours, while on 31st December 2016 it had 20927 operating hours. 

Based on the recorded data, the histogram of failures described in Table 2 is shown 
in Figure 4, i.e., and the diagram in Figure 5. The PDF probability density curve for the 
two-parameter Weibull distribution with parameters β = 1.46, η = 1446 and t0 = 0 is shown 
in Figure 6. 
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Figure 4. Breakdown distribution of injector failures. 

 
Figure 5. Scatterplot for injector failures on PS1 engine according to Table 1. 

 
Figure 6. PDF for injector failures (β = 1.46, η = 1446). 
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We compare the obtained histogram in Figure 4 with the Weibull distribution, and 
by calculating the parameters for the two-parameter Weibull distribution, we obtain the 
results shown in Table 3. 

Table 3. Calculated parameters of the two-parameter Weibull distribution. 

Β t0 η 
1.46862 0 1446.01 

Using the MTBF calculation Formula (6) and the predictability calculation Formula 
(7), we obtain the MTBF and p for the resulting Weibull distribution, which is shown in 
Table 4. 

Table 4. Calculated parameters for the injector failure pattern. 

Σ MTBF p 
890.02 1308 0.68 

The ratio parameter η of the Weibull distribution represents the characteristic mainte-
nance period. According to the analysis, the characteristic service life of the fuel injector 
is 1308 working hours. According to the manufacturer’s specifications [20] (remove all 
valves, check nozzle elements, and replace if necessary), it is scheduled every 3000 oper-
ating hours. Accordingly, the maintenance period should be reduced to every 1308 oper-
ating hours or alternatively, 1500 operating hours to better group the maintenance tasks. 

3.2. Risk Analysis 
Through further calculations, we determine the probability of a ship loss due to the 

failure of the propulsion engine during its lifetime according to Formula (8). The Average 
Ship rift-off Rate (AFR) as the average probability of occurrence of a dynamic positioning 
system event resulting in drift-off, which is the riskiest event on a drillship, is 0.01% ac-
cording to [21]. The influence of the power generation system (engine and generator) is 
9.8% according to [21]. The service life of a drillship in 2016 was 32 years [22].  

𝑀𝑀(𝐿𝐿) = 1 − 𝑒𝑒−𝐴𝐴𝐴𝐴𝐴𝐴×𝐿𝐿 = 3.135 · 10−5 (13) 

The probability of falling, i.e., losing the position, is therefore 3.135 · 10−5 according 
to Equation (13). The aim is to use the tree to calculate the upper risk criterion (URC) for 
each Failure Mode Cause Combination (FMCC). For the fuel injection system of the MAN 
B&W 16V32/40 four-stroke diesel engine, the FMCC number is 5. 

The considered engine (PS1) was in operation for 20,927 h during the period 05/2009–
12/2016, (i.e., an average of 2757.5 working hours per year). The calculated intermittence 
of the engine operation was therefore 31%. Other engines onboard had intermittent oper-
ation as follows: PS2–38%, CENT1–33%, CENT2–27%, STB1–37%, STB2–47%. 

The definition of the consequences of a vessel failure caused by engine operation can 
be very unclear due to possible interactions and other factors such as weather conditions. 
However, we assume here that a failure of three engines during closed-bus operation, i.e., 
a failure of two engines in the same engine room during open-bus operation, creates the 
conditions for the drift-off of the ship. Following the research of Varela et al. [18], proba-
bility values for the underlying causes of drift-off were calculated and based on these cal-
culations, diagrams of failure trees for engine operation in closed and open circuits were 
created (Figures 7 and 8).  

The logical “AND” is calculated as the intersection of probabilities, while the “OR” is 
evaluated as the union of event probabilities (9). For parallel events, the “OR” terms cor-
responding to the intersection are not considered when estimating the error probability 
of the tree analysis because they are of small size. If these links are not considered, the 
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result of the analysis gives a slightly higher value for the probability of the event in the 
catastrophe tree. The required value of ELFF for a catastrophic event (SI = 1) for the lower 
level is represented by the unknown X. For the operation of the engine in a closed circuit, 
the calculation of ELFF is determined by Formula (14). 

 
Figure 7. Failure tree for closed bus operation. V—operator OR. 

 
Figure 8. Failure tree for open bus operation. V—operator OR. 



J. Mar. Sci. Eng. 2024, 12, 388 11 of 15 
 

 

(5𝑋𝑋 × 0.31) ∗ (5𝑋𝑋 × 0.33) ∗ (5𝑋𝑋 × 0.47) + 0.0000054 = 0.00003135 ⇒           
⇒ 𝑋𝑋 = 0.01627 

(14) 

i.e., for the operation of the motor in open circuit according to Formula (15). 

(5𝑋𝑋 × 0.31) × (5𝑋𝑋 × 0.38) + (5𝑋𝑋 × 0.33) ∗ (5𝑋𝑋 × 0.27)
+ (5𝑋𝑋 × 0.37) × (5𝑋𝑋 × 0.47) = 0.00003135 ⇒ 𝑋𝑋
= 0.00165 

(15) 

Accordingly, we calculate the URC according to Formula (12) for engine operation in 
closed and open bus, and when the importance index SI = 1 is considered. 

𝑈𝑈𝑅𝑅𝑈𝑈𝐶𝐶𝐶𝐶 = 𝐸𝐸𝐿𝐿𝑀𝑀𝑀𝑀  𝑆𝑆𝑆𝑆 = 𝑋𝑋 = 0.01627 (16) 

𝑈𝑈𝑅𝑅𝑈𝑈𝑂𝑂𝐶𝐶 = 𝐸𝐸𝐿𝐿𝑀𝑀𝑀𝑀  𝑆𝑆𝑆𝑆 = 𝑋𝑋 = 0.00165 (17) 

The result obtained shows that the critical FMCC must have an average failure rate 
of 0.0162 for the operation of the engine in closed bus or 0.00165 for the operation of the 
engine in open bus over a period of one year. If the SI = 0.0001 is used, i.e., minimal impact 
on operation and minimal impact on ship safety, the result is according to Formula (12):  

𝐸𝐸𝐿𝐿𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶 =
𝑈𝑈𝑅𝑅𝑈𝑈𝐶𝐶𝐶𝐶

𝑆𝑆𝑆𝑆
=

0.01627
0.0001

= 162.7 (18) 

𝐸𝐸𝐿𝐿𝑀𝑀𝑀𝑀𝑂𝑂𝐶𝐶 =
URC𝑂𝑂𝐶𝐶

𝑆𝑆𝑆𝑆
=

0.00165
0.0001

= 16.5 (19) 

That is, for the LRC we assume a 100 times higher reliability than URC, that is: 

𝐿𝐿𝑅𝑅𝑈𝑈𝐶𝐶𝐶𝐶 =
𝑈𝑈𝑅𝑅𝑈𝑈𝐶𝐶𝐶𝐶

100
=

0.01627
100

= 0.0001627 (20) 

𝐿𝐿𝑅𝑅𝑈𝑈𝑂𝑂𝐶𝐶 =
𝑈𝑈𝑅𝑅𝑈𝑈𝑂𝑂𝐶𝐶

100
=

0.00165
100

= 0.0000165 (21) 

For the lifetime of the injector nozzle, we take the amount of 7500 working hours [20], 
and according to Formula (11), we can calculate that ELFF = 5.733 (22). 

𝐸𝐸𝐿𝐿𝑀𝑀𝑀𝑀 =
𝐿𝐿

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
=

7500
1308

= 5.733 (22) 

By comparing the values of the safety and operational risk indexes (RI(s) and RI(o)) 
presented in Table 5 with the corresponding LRC and URC values from Table 6, we can 
determine the range within which the ELFF value falls. 

Table 5. Calculated risk index for various significance index. 

Component SI(S) SI(O) ELFF RI(S) RI(O) 
Fuel injector (open/closed bus) 0.0001 0.001 5.73 0.000573 0.00573 

Table 6. Calculated RI for operation in different configurations. 

Operational   
Configuration  

ELFF Values 
SI 

1 0.01 0.01 0.001 0.0001 

CLOSED BUS 
URC = 0.01627 0.01627 0.1627 1.627 16.27 162.7 

LRC = 0.0001627 0.0001627 0.001627 0.01627 0.1627 1.627 

OPEN BUS 
URC = 0.00165 0.00165 0.0165 0.165 1.65 16.5 

LRC = 0.0000165 0.0000165 0.000165 0.00165 0.0165 0.165 
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4. Results Review 
The parameters β = 1.468 and η = 1446.01 were calculated for the sampling distribu-

tion of the drill ship injector failures and their fit to the Weibull distribution, on the basis 
of which is MTBF calculated, and the result was 1308. From this, we can conclude that the 
scheduled maintenance, which is performed every 3000 working hours, should be re-
duced to every 1308 working hours or every 1500 working hours and combined with other 
work from the engine maintenance program [17].  

However, to make it easier to recognise the effects of injector failures on the operation 
of the ship’s propulsion system, a further risk analysis is carried out. How a diesel–electric 
power plant can work in two different operating states of the electrical system, by working 
out the fault tree that causes the ship to “drift-off”, both in open and in closed bus opera-
tion, the ELFF is calculated, which is 0.01627 and 0.00165, respectively. Accordingly, the 
URC is calculated for closed bus and open bus operation, which is 0.01627 and 0.00165, 
respectively. The lower risk criteria are set to 100 times smaller than the upper criteria. By 
comparing the expected failure frequency of the ELFF injector, which is 5.733, the risk 
indices for the fuel injector are also determined. They are compared with the URC and 
LRC, both in the closed bus and open bus circuit. 

Therefore, the position of RI(s) and RI(o) relative to the URC and LRC limits changes 
depending on the bus configuration (closed or open bus). 

For closed bus configuration, RI(o) is above the URC limit while RI(s) is between the 
URC and LRC limits (Figure 9a). This means that for closed bus operation at ELFF of 5.73, 
RI(o) indicates an operational risk that exceeds the URC limit, suggesting an unacceptable 
operating condition. RI(s) suggests a safety risk within the undesirable range, as it falls 
between the URC and LRC limits. 

For open bus configuration, both RI(o) and RI(s) are above the URC limits (Figure 
9b). This means that for open bus operation at ELFF of 5.73, both RI(o) and RI(s) indicate 
that operational and safety risks exceed the URC limits, indicating an unacceptable oper-
ating condition.  

As mentioned, a reduction in the maintenance interval calculated by Weibull distri-
bution fit (Table 3.) to 1500 operating hours (rounded up from 1308 operating hours) is 
required. The predictability of the failure p > 0.5 (p = 0.68) shows a significantly large In-
creasing Failure Rate (IFR), and a periodic preventive maintenance approach can therefore 
be chosen for both operational configurations.  

  
(a) (b) 

Figure 9. Graphic survey of RI position: (a) Graphic survey of RI in closed bus operation; (b) graphic 
survey of RI in open bus operation. 
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However, the key difference between closed and open bus configurations lies in the 
position of RI(o) and RI(s) relative to the URC and LRC limits. In the closed bus configu-
ration, RI(o) exceeds the URC limit while RI(s) falls between the URC and LRC limits. In 
the open bus configuration, both RI(o) and RI(s) exceed the URC limits. This can be at-
tributed to different vessel drift-off risks for operating in different operational setups.  

The operational configuration of the ship’s power plant can significantly influence 
the maintenance strategy for engine components. Moreover, variations in conditions, such 
as ELFF or specific engine components, may result in risk factors RI(o) and RI(s) falling 
within acceptable, undesirable, or unacceptable ranges. The observation suggests that 
changes in operational conditions might have a certain influence on maintenance strate-
gies. These findings have yet to be considered in the literature, which mostly reviews fail-
ure frequencies [23], Predictive Maintenance [24], and Risk-Based Maintenance Schedul-
ing (RCM) [25,26], including failure mode and effects analysis (FMEA) [27,28].  

Throughout this investigation, several limitations emerged that need some addi-
tional focus. The study’s scope was constrained by the availability of data, particularly 
regarding the source of injector subcomponents, manufacturers, and quality standards. 
Factors such as the origin of injector subcomponents and their associated quality stand-
ards were not considered, potentially impacting the reliability assessment and mainte-
nance requirements. Further constraints lay within a lack of detailed data regarding spe-
cific maintenance tasks, including the timing and nature of fuel injector nozzle exchanges 
or services, which limited the depth of our analysis and understanding. Furthermore, 
while our focus on injector failures provided valuable insights, it may not fully capture 
the broader maintenance needs of the vessel, suggesting potential gaps in our understand-
ing. 

Based on the mentioned factors, several promising areas for future research present 
themselves. Investigating the influence of injector subcomponent suppliers and quality 
standards on failure rates and maintenance requirements could deepen our understand-
ing of reliability in maritime installations. Further expanding data collection efforts to en-
compass a broader range of engine subcomponents and failure types would offer a more 
comprehensive understanding of maintenance needs and reliability challenges. Further-
more, as this methodology and approach can be utilised by any similar power plant, con-
ducting comparative studies across different vessels or maritime installations with vary-
ing operational configurations could yield insights into generalisable maintenance strate-
gies and best practices. 

5. Conclusions 
By reviewing MA-CAD methodology for an initial maintenance interval adjustment, 

an operational data analysis for drillship generator fuel injectors has been performed. 
Based on calculations derived from the data analysis fitted to parameters of the Weibull 
distribution, a reduction in maintenance interval for fuel injectors from 3000 operating 
hours to 1308 operating hours is proposed. For better management of the engine mainte-
nance program and combining it with other work tasks, fuel injector maintenance every 
1500 operating hours is proposed. Due to the significantly high predictability of failures 
(p = 0.68), a periodic preventive maintenance approach is chosen in both cases. 

By comparing the risk index for fuel injector failure with the upper and lower risk 
criteria values for ship drift-off, we determine the risk area in which maintenance is cur-
rently being conducted. Consequently, for the operation of the engine in a closed bus sys-
tem, the safety risk of fuel injector dispersion (RI(s)) according to the current maintenance 
system is situated in the risk area above the upper risk criterion (URC), i.e., in the unac-
ceptable zone. The operational risk (RI(o)) is within the range of values between LRC and 
URC, i.e., in the undesirable zone. For engine operation in an open bus circuit, both safety 
risks (RI(s) and RI(o)) are in the unacceptable zone.  

The specificity of this calculation lies in the fact that operational and safety risks (RI(s) 
and RI(o)) for the operation of the engine in an open bus are significantly above the upper 
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limit values of URC (located in the unacceptable zone), while for the operation of the en-
gine in a closed bus, this is not the case. Operational risk (RI(o)) for the operation of the 
engine in a closed circuit is in the undesirable zone, while safety risk (RI(s)) is in the un-
acceptable zone. This might lead us to conclude that the operating configurations of the 
power plant on the drilling ship might have an impact on the maintenance approach.  

While our study has provided valuable insights into maintenance strategies for mar-
itime installations, it is essential to recognise its limitations and pursue further research to 
address these constraints. By exploring the proposed avenues for future investigation, we 
can advance our understanding and improve maintenance practices onboard vessels with 
different operational pattern throughout whole maritime and offshore industry.  
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