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Abstract
This article aims to compile, describe and compare three different models taken from the literature describing 
the causes of explosions in the crankcases of marine engines. Each of the models has a different level of detail 
and was prepared with a different purpose. However, the same process, explosions in crankcases, was analyzed 
in all cases. A statistical evaluation of the frequency of events leading to explosions, a model built using failure 
mode and effects analysis (FMEA) and a model based on fault tree analysis (FTA) are described in turn. The 
FTA model drawn from the literature formed the basis for further analysis. Values of important measures of all 
elementary events of the fault tree were calculated using the Birnbaum reliability measure, Vesely-Fussell mea-
sure, Birnbaum structural measure, criticality measure and improvement potential. The percentage importance 
values of all events determined using these importance measures were compared. The results obtained from the 
application of each model were evaluated. The results of the models were compared with each other, and an 
approach using all three models supplemented with diversion analysis was proposed.

Introduction

System analysis methods are divided into induc-
tive and deductive. Inductive methods (bottom-up 
methods) are based on a detail-to-general approach, 
i.e. analysis from the bottom (base events) to the top 
(peak events), while deductive (top-down methods) 
are based on the opposite approach, i.e. from top to 
bottom.

Inductive methods are used in determining the 
states of the system that may exist; they are usu-
ally used in the preliminary analysis of system 

performance. Deductive methods, on the other hand, 
lead to the development, based on general knowl-
edge, of special cases, to the search for root causes – 
events whose combinations lead to the occurrence of 
the postulated situation (state of the system) (Chy-
bowski, 2017).

Deductive methods in relation to problem sce-
narios are referred to as root cause analysis (RCA) 
methods, and they help in the in-depth analysis of 
a problem by leading from the general to the specif-
ic, i.e. from the assumed postulated state of a system 
to the events that may occur during its operation, 
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the combination of which leads to the occurrence 
of a certain state of the system. An event is defined 
as any change in the structure or functioning of an 
object, while a state is the set of all characteristics of 
an object at a given moment t.

RCA methods follow an established workflow 
that consists of the following steps:
1. Define the problem.
2. Gather data.
3. Identify potential causal factors.
4. Identify the root causes of the problem.
5. Draw conclusions and give recommendations.

Among the most used methods of analysis aimed 
at assessing hazards and risks during the operation 
of industrial facilities are the tools shown in Table 1.

The methods listed in Table 1 can provide qual-
itative evaluation (descriptive characteristics, often 
derived from the analyst’s individual experience and 
historical data) and/or quantitative evaluation (they 
use specific measures such as the probability of dam-
age or operator error). Quasi-quantitative methods, 
on the other hand, use scales to provide quantitative 
information to rank individual events by importance.

The different methods have their own advantages 
and disadvantages and a dedicated range of appli-
cations, as shown in our selection of three models 
presented in the literature that can be used to assess 
the root causes of disasters.

One of the most dangerous events that can occur 
during the operation of marine engines, an explosion 

in the crankcase, was chosen as the target of analysis 
and modelling.

Sequence of events leading to crankcase 
explosions

For a description of the circumstances leading 
up to crankcase explosions, see (Chybowski, 2022). 
A temperature rise is required to initiate an explosion, 
which can be either general, when the entire crank-
case is affected, or local, in the form of a so-called 
hot spot (Włodarski, 1998). When crank-piston com-
ponents are damaged, such as by galling of the main 
bearing, or when contact is made with a heat source 
located outside the crankcase (a fire in the sub-piston 
space or in the power plant), vaporization of the oil 
in contact with the hot spot occurs when the tempera-
ture exceeds about 200°C (Valčić, n.d.). Evaporating 
oil circulates in the crankcase (Burgoyne & Cohen, 
1954). As oil vapor enters the cooler areas inside the 
crankcase, it condenses, forming a so-called white 
oil mist, with droplets having a diameter in the range 
of 5–10 μm. As a result of the abovementioned pro-
cess, the concentration of oil mist increases to the 
level of the lower explosive limit, which is 47 mg 
of oil per 1 dm3 of air (in some studies this level 
is specified as 50 mg/dm3). This corresponds to an 
oil mist concentration of about 13% by weight. The 
phases of oil mist concentration change are shown 
in Table 2.

Table 1. A comparison of system analysis methods

Designation Method of analysis Deductive 
(Top-down)

Inductive 
(Bottom-up) Quantitative Quasi- 

-quantitative Qualitative

5 Whys 5 whys method + +
AFD Anticipatory failure determination + +
ETA Event tree analysis + + +

FMEA Failure mode and effects analysis + 
(functional)

+ 
(hardware)

+ –

FMECA Failure mode, effects and criticality analysis + 
(functional)

+ 
(hardware)

+ + –

FTA Fault tree analysis + + +
HAZID Hazard identification + +
HAZOP Hazard and operability study + +
What-if? ‘What-if?’ analysis + +

– Subversion/sabotage analysis + + + +
– Ishikawa diagram (Fishbone diagram) + +

Table. 2. Phases of development of explosive mixture in the crankcase (prepared on the basis of (Islam, n.d.; Schaller Automa-
tion, 2015)

Specification Phase I Phase II Phase III
Phase characteristics Normal operating condition Emergency Lower explosive limit exceeded
Oil mist concentration [mg/dm3] < 1.99 1.99–47 > 47
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When the oil-air vapor mixture reaches the igni-
tion temperature, combustion is initiated, and an 
explosion occurs. Studies have shown that ignition 
can occur at 270–330°C and over 400°C (Islam, n.d.; 
Piotrowski & Witkowski, 2005).

The fl ame front travels along the crankcase, caus-
ing a pressure wave in front of it. The speed of the gas 
pressure wave in the initial phase is 0.3 m/s, increas-
ing to about 300 m/s. In the case of long crankcas-
es, it can reach up to 3 km/s (Chybowski, 2022). 
The maximum pressure in the crankcase during an 
explosion without detonation reaches about 7 bar 
(0.7 MPa). A properly designed crankcase should 
withstand a static pressure of 12 bar (1.2 MPa) with-
out damage (Islam, n.d.).

The process of mixing oil vapor with air is inten-
sifi ed by the turbulence associated with crank-pis-
ton components and the operation of the explosion 
isolation valve (Valčić, n.d.). If, due to the venting 
of gases through the explosion isolation valves, 
the pressure in the crankcase is reduced below the 
pressure in the engine room (Valčić, n.d.), fresh air 
from the engine’s surroundings will be drawn into 
the crankcase through the open explosion isolation 
valves (Freeston, Roberts & Thomas, 1956), which 
in turn can cause a secondary explosion that is more 
violent than the primary one and can cause further 
damage to the engine’s surroundings.

If the explosion isolation valves do not work, the 
side hatch fl aps in the crankcase wall will be torn 
out, and there is a risk of a secondary explosion (Rat-
tenbury, 2002). A secondary explosion can also be 
caused by the failure of components in the crank-pis-
ton system (Chybowski, 2022). In this case, it is not 
preceded by a primary explosion, and is caused by 
the loss of continuity of the crankcase wall, resulting 
in a sudden infl ux of fresh air (BSU, 2018; MAIB, 
2018).

Selected models of the causes 
of explosions in crankcases

A literature review was conducted on attempts to 
model the causes of explosions in crankcases. The 
methods employed were based on two main sourc-
es of data: statistics on historical damage and errors 
that could have led to the occurrence of explosions, 
and expert assessment, which was also based indi-
rectly on information on historical events of a simi-
lar nature (Herdzik, 2019). Three of the most reliable 
techniques, which were based on recognized meth-
ods, were selected and analyzed in terms of assess-
ing the causes of disasters and selecting the most 

likely events that could have led to an explosion. 
An analysis based on statistical information, a mod-
el based on the FMEA method and a model based 
on FTA are presented. The latter two were supported 
by expert analysis and the use of fuzzy set theory. 
The data presented in this article have been posted in 
the ZENODO repository (Wiaterek & Chybowski, 
2022).

Statistical evaluation of the incidence 
of explosions with a specifi c cause

By virtue of their design, trunk piston engines 
are prone to hot gas and fuel blow-by from the com-
bustion chamber into the crankcase in the event of 
malfunctioning or damaged piston rings, pistons 
or cylinder liners (Chybowski, 2022). The compo-
nents separating the crankcase from the combustion 
chamber are the pistons and sealing rings. Hot gas 
blow-by into the crankcase can be both the cause 
of areas of increased oil evaporation and the initia-
tor of ignition. An explosion can also be caused by 
oil entering the crankcase through a cracked piston 
bottom (crown). The potential risk of explosion is 
exacerbated by the possibility of fuel entering the 
crankcase, for instance from a malfunctioning injec-
tion apparatus (Chybowski, 2022). As a substance 
with a lower fl ash point than oil (minimum 60°C), 
fuel can contribute to an explosion that would not 
have occurred without its presence in the crankcase. 
To avoid such situations, the engine’s circulating oil 
is subjected to periodic laboratory analysis, especial-
ly for viscosity and fl ash point. Figure 1A shows the 
root causes of crankcase explosions of unshielded 
engines according to Rattenburry, developed based 
on the results of explosions that took place between 
1990 and 2001.

In crosshead engines, there is no direct blowing 
of hot gases from the combustion chamber into the 
crankcase. Between these locations is the sub-piston 
space and/or air accumulator and the lower cylinder 

Bearings
39%

Pistons
47%

Other
14%

Bearings
43%

Pistons
38%

Other
19%

A B

Figure 1. Causes of crankcase explosions according to Rat-
tenbury (Rattenbury, 2002): A – trunk piston engine, B – 
crosshead engine
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block plate (Chybowski, 2022). The piston stems are 
sealed in the wall with a gland. Figure 1B shows the 
root causes of crankcase explosions of unshielded 
engines according to Rattenburry, developed based 
on the results of explosions that took place between 
1990 and 2001.

In a crosshead engine, unburned cylinder oil and 
combustion residues dripping from the cylinder lin-
ers accumulate in the sub-piston spaces (Chybowski, 
2022). If the drainage system is not fully serviceable, 
and if periodic cleaning of the sub-piston spaces and 
the air reservoir is not implemented, a fi re and/or 
explosion may occur in these spaces because of hot 
gas blowing from the combustion chambers, on prin-
ciples analogous to those of trunk piston engines.

Bearing failures can have a variety of causes 
relating to both improper lubrication (oil fl ow too 
low, oil temperature too high or oil contamination), 
as well as the wear of plain bearing journals and lin-
ers, mechanical displacement of half-liners in the 
seat, and improperly performed repairs (failure to 
follow repair schedules or the use of non-original 
replacement parts) (Chybowski, 2022). The specifi c 
causes of plain bearing damage can vary depending 
on the type of engine, operating conditions, liner 
types used, etc. Examples of damage statistics for 
marine engine plain bearings are shown in Figure 2.

In crosshead engines, the cause of a crankcase 
explosion may be an increase in the temperature of 
one or more piston stems. The reason may be a fi re 
in the sub-piston space, which, if not quickly extin-
guished, can contribute to a general rise in tempera-
ture in the crankcase and/or the formation of hot 
spots in the gland areas of the piston stems and the 
piston stems themselves. In addition, leaking piston 

stem glands provide an additional source of heat in 
the crankcase in this situation (Chybowski, 2022). 
A separate risk is a malfunctioning piston stem seal 
(excessive blowouts on the piston stem gland (Wło-
darski, 1998) or excessive friction between the piston 
stem and gland rings (Nowosad, 2009), for example, 
when non-original rings or springs are used).

FMEA analysis of crankcase explosions 

Another model was proposed by Cicek and Celik 
(Cicek & Celik, 2013), based on the results of an 
FMEA that was conducted for crankcase explosion 
events. The purpose of FMEA is to consistently 
eliminate errors in the construction and operation 
of a product by recognizing the causes of the errors 
and applying appropriate ways to prevent them 
from occurring. In the case of FMEA, after specify-
ing the object of analysis, an analysis of the causes 
of defectiveness and criticality of errors is carried 
out for the selected product or process (Herdzik, 
2015). Reference (Cicek & Celik, 2013) selected 
the main root causes of crankcase explosions, defi n-
ing a Risk Priority Number (RPN) as a determinant 
of the signifi cance of a given event (Gawdzińska et 
al., 2017):

 RPN = O·S·D (1)

where: O – frequency of occurrence index, S – sever-
ity index, D – detectability index.

A summary of the results of the analysis by Cicek 
and Celik is shown in Table 3. Model inputs are 
presented in (Cicek & Celik, 2013). This model has 
been analyzed in detail in, among other publications, 
(Wang et al., 2017).
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Overloading
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Other
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Figure 2. Percentage causes of plain bearing damage of internal combustion engines: A – according to Piaseczny (compiled from 
(Piaseczny, 1992)), B – according to Mahle (compiled from (Clevite, 2014))
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Based on the summary shown in Table 3, it is 
possible to draw conclusions about the relevance of 
individual failure modes, the importance of which 
is represented by the RPN values, that is, in terms 
of frequency, consequences and the risk of failure to 
detect the problem for each event. Figure 3 shows 

the percentage of RPN for the analysis in question, 
assuming that the sum of all RPN for all failure 
modes corresponds to a value of 100%.

The analysis in this case applies to two-stroke 
engines, but with minor modifications it can be 
adapted to the specifics of the operation and design 
of a trunk type engine, so it is evaluated in this mate-
rial through the prism of the general applicability of 
the model to the assumed range of applications – that 
is, in this case, for a trunk type engine.

FTA model of crankcase explosions

FTA is one of the most widely used deductive 
methods. The method is based on a graphical logical 
model of the combination of events (component fail-
ures, software errors, human errors and environmen-
tal impacts) that can occur during the operation of 
a complex technical system (CTS), the coincidence 
of which causes a specific undesirable situation 
modelled through a so-called peak event (Chybow-
ski, 2017) (Figure 4).

In reference (Ünver et al., 2019), this meth-
od was used to analyses the root causes of crank-
case explosions of a two-stroke, self-ignition trunk 

Table 3. FMEA analysis worksheet (compiled from (Cicek & Celik, 2013))

Component Failure mode Failure causes Failure effect O S D RPN

Oil mist detector
Inoperable (FM1) Wrong calibration of oil 

mist detector Oil mist in the crankcase cannot 
be detected

2 9 10 180

Inoperable (FM2) Lack of maintenance 4 9 8 288

Piston

Hole in the piston crown 
(FM3) Dripping of fuel valve Transmission of combustion 

gases into the crankcase 6 7 8 336

Excessive wear on piston 
flame face (FM4)

Fuel impingement from 
poor atomization

Overheating and excessive pres-
sure in the crankcase 7 8 7 392

Piston ring Sticking to groove (FM5) Deposits Excessive clearance, fire blow 6 6 5 180

Stuffing box

Not functioning correctly 
(FM6)

Incorrect spring mounted 
in piston rod stuffing box

Transmission of combustion gas 
from the combustion chamber 
into the crankcase

4 10 6 240

Wearing out of packing 
rings (FM7) Loss of sealing Spark and blow-by 6 7 8 336

Fuel valve

Early opening of fuel 
valve (FM8) Service pressure too light

Poor atomization and combus-
tion, timing problems, power bal-
ance and temperature variations

6 7 6 252

Dripping (FM9) Oversized injection  
mechanisms

Sticking of piston rings in their 
grooves, fire blow 7 8 6 336

Engine performance 
monitoring system

Not fully functional 
(FM10)

No periodic checking of 
electronic cards 

Unawareness of abnormal condi-
tion in combustion process 2 7 5 70

Main bearing Failing to lubricate 
(FM11) Low oil pressure Friction and excessive heat 3 8 4 96

Crankcase  
relief valve Inoperable (FM12)

Not appearing to perform 
as designed and not seated 
correctly

Allows air to pass into the 
crankcase 2 7 9 126

FM1
7%

FM2
11%

FM3
8%

FM4
14%

FM5
7%FM6

9%

FM7
12%

FM8
9%

FM9
12%

FM10
3%

FM11
3%

FM12
5%

Figure 3. Percentage of individual risk priority numbers for 
each failure mode (prepared on the basis of (Cicek & Celik, 
2013))
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piston engine, including determining the proba-
bility of a peak event, the probabilities and valid-
ity of minimum cut sets, and determining general 
guidelines for preventing such disasters. The anal-
ysis in question was carried out in a fuzzy environ-
ment. With minor modifications, the fault tree can 
be adapted to analyses the explosion of crankcases 
in trunk piston engines. The original model taken 
from (Ünver et al., 2019) was used for further sig-
nificance analysis of individual events performed in 
CARA-FaultTree Application 4.1. academic version 
(Sydvest, Trondheim, 2000), as shown in Figure 4, 
while Table 4 summarizes the individual elementary 
events and the estimated values of their probabili-
ties of occurrence.

The model above can be used to determine the 
significance of individual events and their impact on 
the occurrence of a crankcase explosion. For this pur-
pose, the values of the basic importance measures, 
i.e. Vesely-Fussell measure I V-F, Birnbaum struc-
tural measure I Bs, Birnbaum reliability measure I B, 
criticality measure I C and improvement potential I P, 
were determined for each of the identified elemen-
tary events. Individual definitions of these measures 
and their detailed description are provided in the sub-
ject literature (Chybowski, 2014, 2020; Chybowski, 
Idziaszczyk & Wiśnicki, 2014). The calculated val-
ues of each measure are summarized in Table 5.

To visualize the contribution of each event to the 
occurrence of the peak event (crankcase explosion) 
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Or 6
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piston rings

BE 1

Damaged 
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Figure 4. Fault tree for crankcase explosion of a two-stroke, trunk piston marine engine (prepared on the basis of (Ünver et al., 
2019))
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and their mutual comparison, the pie charts shown in 
Figure 5 were used.

The charts describe the percentage of events due 
to their importance (the sum of the importance of 
all events is 100%). Analysis of the values obtained 
for all measures showed that particularly significant 
events affecting the occurrence of a peak event were 
BE 11 (bearing high temperature alarm failure) and 
UE (personnel not taking an appropriate preventa-
tive action after an alarm).

Conclusions

Each of the models presented provides different 
information, due to factors such as different assump-
tions. The level of decomposition of the explosion 
process in the engine crankcase leads to different 
observations on the frequency of participation and 
importance of individual events on the incident of 
explosion.

The statistical description is the most general in 
this case, although individual events could be further 
examined in more detail (decomposed). However, 
this model, due to the lack of analysis of the interre-
lationships between events, reduces the assessment 
of significance to an analysis of the frequency of 
individual events (serial reliability structure model). 
An event is therefore more important the more often 
it occurs under the operating conditions.

The quality of the FMEA model depends largely 
on the assumptions made, the available source data 
and the experience of the experts who are part of the 
team conducting the analysis.

The FTA model describes the logical relation-
ships between events, so it represents the best of the 
models described in the article in terms of relation-
ships and process structure. Thus, it can be used to 
assess the validity of events. It seems that linking 
the FTA model to statistical data can be a good solu-
tion for obtaining meaningful results from statistical 
analysis. In addition, the results of the validity anal-
ysis can be used in the next step to determine the 
severity index in the FMEA analysis.

It should be noted that all three models described 
in the article cited from the scientific literature do 

Table 4. Characteristics of primary events in the analyzed 
fault tree (prepared on the basis of (Ünver et al., 2019))

Event Description Event  
probability

BE1 Seized piston rings 0.002931
BE2 Damaged piston crown 0.000299
BE3 Jacket water and exhaust gas high  

temperature alarm failure 0.001858
BE4 Main bearing failure 0.001958
BE5 Crosshead bearing failure 0.001036
BE6 Crankpin bearing failure 0.001137
BE7 Other bearing failure 0.000699
BE8 Seized piston rods 0.000601
BE9 Wrong calibration  

of the oil mist detector 0.002525
BE10 Lack of maintenance  

of the oil mist detector 0.003740
BE11 Bearing high temperature alarm failure 0.002239
BE12 Stuffing box failures 0.002239
BE13 Lube oil high temperature alarm failure 0.002972
EU Staff not taking an appropriate  

preventative action after an alarm 0.010169

Table 5. Estimated values of the importance of each primary event

Event I B I V-F I Bs I C I P

BE11 0.0000498060 0.8897300 0.4229700 0.8895600 0.0000001115
BE8 0.0000228090 0.1091800 0.1141400 0.1093500 0.0000000137
BE4 0.0000227430 0.3557000 0.0281980 0.3552100 0.0000000445
BE6 0.0000227240 0.2065500 0.0281980 0.2061000 0.0000000258
BE5 0.0000227230 0.2004900 0.0281980 0.2000400 0.0000000251
BE7 0.0000227140 0.1269800 0.0281980 0.1266500 0.0000000159
EU 0.0000123050 0.9981700 0.4071000 0.9981700 0.0000001251
BE12 0.0000061836 0.1102700 0.2511000 0.1104400 0.0000000138
BE13 0.0000000762 0.0018277 0.2442600 0.0018064 0.0000000002
BE3 0.0000000736 0.0010902 0.0684810 0.0010910 0.0000000001
BE1 0.0000000423 0.0009893 0.0228270 0.0009900 0.0000000001
BE2 0.0000000422 0.0001009 0.0228270 0.0001007 0.0000000000
BE10 0.0000000361 0.0010911 0.0814210 0.0010773 0.0000000001
BE9 0.0000000361 0.0007366 0.0814210 0.0007264 0.0000000001
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Figure 5. Percentage values of importance measures of events leading to explosions in the crankcase: A – Birnbaum reliability 
measure, B – improvement potential, C – Vesely-Fussell measure, D – criticality measure, E – Birnbaum structural measure
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not capture (or capture only indirectly – by merging 
several primary events) some events that can lead 
to explosions in the crankcase, such as a fire in the 
engine room or a fire in the sub-piston space. To 
search for root causes in depth and refine the FTA 
or FMEA model, it is advisable to use tools aimed 
at finding hidden causes of damage and intentional 
damage to the system. An example of such a method 
could be the analysis of diversion (sabotage). The 
authors believe that linking diversion analysis, sta-
tistical data, FTA and FMEA would enable the most 
objective results possible to be obtained when assess-
ing the risk of operations and planning countermea-
sures to prevent a disaster from occurring.
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