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ANALYSIS OF SURVIVABILITY OF THE SHIP PROPULSION
SYSTEM IN A SEVERE SHOCK ENVIRONMENT, BASED ON THE
FUZZY THEORY AND ANALYTIC HIERARCHY PROCESS

Summary

Ship survivability is a critical aspect of the design of naval ships operating in weapon-
induced shock environments. While most of studies have focused on the failure mechanisms of
ship structures, little work has been done to assess the damage that may be inflicted on the
propulsion systems of such vessels. This paper presents a novel model for evaluating the
survivability of naval ship propulsion systems subjected to severe shock environments. The
model accounts for the effects of weapon damage, including blast-induced structural crevasses
and shock-induced equipment failures, by conducting the vulnerability analysis using empirical
formulations for pressure and fragment perforation calculation. The proposed model consists
of two sub-models: a crevasse damage sub-model and a shock damage severity sub-model. The
former utilizes a fifth-order analytic hierarchy process structural model, while the latter utilizes
the fuzzy theory. Combining the two sub-models yields the total survivability of the propulsion
system of a naval ship. The model is applied to assess the survivability of three propulsion
system design types (CODOG, CODAD, and CODAG) for a 3000 T class frigate. Results
demonstrate the utility of the proposed model as a fast and robust method for use during iterative
design cycles, enabling design changes based on the analysis results.

Key words: Fuzzy theory, Ship survivability;, Propulsion system, Analytic hierarchy
process, Shock environment

1. Introduction

In his famous book titled Discussion of Questions in Naval Tactics [1], Stepan O.
Makarov, a highly accomplished and decorated commander of Imperial Russian Navy, pointed
out, maybe for the first time, that: ““...the most important task of a naval ship designer is to
qualify the operational capability and survivability of a warship in a battlefield environment...”
The survivability of a warship can be divided into susceptibility, vulnerability, and
recoverability, according to the standards of the Office of the Chief of Naval Operations
(OPNAYV) [2]. According to the history of warship development, the vulnerability assessment
has always played a very important role in identifying the level of operational capability that
must remain after damages had been induced by anti-ship weapons, such as mines, torpedoes,
and cruise missiles [3-6].
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A close analysis of warship system survivability from actual combat and target practice is
severely limited due to military reasons. The studies mentioned above have primarily focused on
the pure theory of survivability, ultimate strength problems of damaged ship structures, and large-
scale experimental investigations. Jolliff provided viewpoints on navy ship survivability and
concludes that the navy and industry must work together on established goals to achieve a high
level of survivability [7]. In 1990, the U.S. Navy selected a layered hardening approach to the
electromagnetic pulse survivability of mission-critical systems of surface ships; the approach
consists of platform-level hardening and system-level hardening [8]. Ball and Calvano proposed
a conceptual structure of ship survivability definitions and concepts and emphasized the need to
incorporate a total-ship approach to surface naval ship survivability into ship design philosophy
[9]. Naval ships are multifunctional, fulfilling front-line roles and routine operations, such as
continuous surveillance and humanitarian assistance, to maximize return on investment for their
owners. Thus, the necessity of survivability design technique on Korean naval vessels and the
guidance on its development are discussed in [10]. Primorac and Parunov developed a
probabilistic model of reduction in the bending moment capacity of an oil tanker following
grounding and collision accidents; the authors used the Monte Carlo (MC) simulation with the
probability distributions of damage parameters [11]. Vladimir et al. presented a procedure for
strength assessment of a partially grounded ship structure in mud, which can be used to determine
the reaction pressures of sunken ships in salvaging operations and similar problems of sunken
vessels [12]. The impact resistance of a stringer-stiffened panel subjected to blunt impact loading
is studied by Kubit e al. [13]. To reveal the impact stability characteristics of thin-walled C-cross
section beams subjected to dynamic axial forces, FEM calculations and experimental tests are
given by Mali§ and Simi¢ Penava [14]. The results show that both global and local buckling
failures are common occurrences. Vrgo¢, Tomicevi¢, Zaplati¢ et al. presented experimental
studies to observe the damage initiation and growth in a glass fibre reinforced epoxy resin
composite by using the FE-based digital image corelation technology [15].

Apart from total ship survivability assessment (TSSA) methods, a new reliable method
named volumetric integrated vulnerability assessment methodology was recommended by the
U.S. Naval Sea Systems Command (NAVSEA) for surface combatants and amphibious warfare
ships to assess the vulnerability performance of multiple concept level ship design [16]. In the
study [17], new metrics for the survivability and continuity of service were proposed; they
enable a better definition of power system requirements related to the operational needs of a
naval ship. Piperakis pointed out that some survivability assessment tools currently exist [18];
however, most fail to integrate all survivability constituents (susceptibility, vulnerability, and
recoverability) in that they are unable to balance between the component features of
survivability. In their study, Kim, Hwang, and Li described the ship vulnerability after a
penetration hit and incorporated a vulnerable area approach to the naval ship survivability; they
used the kill tree method, Markov chain method, and Poisson method in the case of multiple
hits on the critical components [19]. To clarify different survivability measures, Liwang and
Jonsson examined the sensitivity of the calculated probabilities to changes in the threat
description; their analysis shows that the threat must be treated as uncertainty, which also
should be reflected in the output and weighted in the decisions made [20]. In his next study,
based on the Bayesian network and uncertainty Monte Carlo analysis, Li-wang shows that it is
possible to link the performance of specific ship design features to the operational risk [21].

Wright revisited the legacy of WWII vulnerability and applied it to modern warship
design; this study reminds us of the biases of current practices and considers what has been lost
but can be re-learned [22]. The probabilistic methodology is adopted in the warship context
considering and defining the survivability characteristics of a ship in a preliminary design step
[23]. The ship fire survivability is described and investigated based on a risk-based approach
that can link the probabilistic survivability theory and survivability measure selection. This
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analysis shows that the reliability and validity of identifying potential fires depend on the
qualitative and outward-focused analysis of the ship’s intended operation [24]. Reference [25]
provides a simplified preliminary vulnerability modelling approach and an analysis tool for
exploring the naval ship system vulnerability, while the software developed by the Krylov State
Research Centre enables quantitative survivability assessments of surface ships and submarines
with a long-history simulation [26]. The effects of structural protection on ship survivability
are also analysed through a statistical computer-based simulation of an 8000T ship hit by a
weapon with a 150 kg TNT charge warhead [27]. Most existing vulnerability models assess the
vulnerability of pre-defined concepts and focus on systems rather than capabilities. To address
this limitation, a new method based on a discrete Markov chain and associated transition matrix
for assessing the vulnerability of distributed systems in the concept phase is proposed in [28].
This approach not only evaluates the vulnerability of a pre-defined concept but also provides
directions for finding other, potentially superior solutions. Furthermore, a novel adaptable
network-based approach is utilized to develop a vulnerability assessment method in the early-
stage design, which reduces the design fidelity required for modelling and simulation. Based
on the data obtained from experts, Hoang [29] presented a novel analytic hierarchy process
(AHP) for estimating risks of ship systems. After that study, Hoang introduced a new
similarity/dissimilarity measure for intuitionistic fuzzy sets for pattern recognition applications
[30]. In order to calculate vibration of the ship propulsion system under excitation, new
analytical procedures for the vibration analysis of the ship shafting system are presented in [31-
32]. By using the multiple criteria decision-making AHP model, Krstic, Gvozdenovic, and
Mirosavljevic wrote a methodology for evaluating the safety level of aircraft performance [33].

The survivability assessment of naval ship propulsion systems can be significantly
affected by weapons or human factors; however, their influence on the assessment process
cannot be determined with certainty. To address this issue, a model based on the fuzzy theory
and the AHP is developed to analyse such systems. The present model is based on the
classification and summary of damage effects, derived from semi-empirical formulations or
finite element method (FEM) simulations of propulsion systems of a general frigate or a
destroyer. A fifth-order AHP structural model and the fuzzy theory are used to build both
crevasse damage sub-models and shock damage severity sub-models for the vulnerability step.
The fuzzy analysis process considers several fuzzy effects, including crevasse damage severity,
shock damage severity, and other non-qualitative factors, using exponential-type membership
function descriptions. By normalizing different fuzzy damage matrices, the vulnerability of
propulsion system components, such as gas turbines, synchro clutches, and gearbox, is
obtained. As a practical example, the survivability of three propulsion system designs
(CODOG, CODAD, and CODAG) for a 3000T class frigate is assessed. The results
demonstrate that the proposed model based on the fuzzy theory and AHP provides a reasonable
prediction for the concept design process of the 3000T class frigate propulsion system. These
results enable iterative design cycles based on the analysis results provided by the model.

2. The weapon damage effects on the naval ship propulsion system

2.1  The types of naval ship propulsion systems

Naval propulsion systems typically consist of machinery, equipment, and controls that
are mechanically, electrically, or hydraulically connected to a propulsion shaft. In nearly all
naval ships, a screw-type propeller is utilized as the propulsion device. A schematic of typical
surface vessel's propulsion plants is shown in Figure 1, with its primary components discussed
in detail below.

The thrust generated on the propeller is transmitted to the ship's structure through the
main shaft via the thrust bearing (Fig. 2). The main shaft runs from the reduction gear main
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shaft to the propeller and is supported and maintained in alignment by spring bearings, stern
tube bearings, and strut bearings. The thrust on the propulsion shaft, generated from the pushing
effect of the propeller, is transmitted to the ship's structure through the main thrust bearing. The
majority of naval ships have the main thrust bearing situated at the front end of the main shaft
within the main reduction gear casing. However, in some larger naval ships, the thrust bearing
of the main shaft is situated further aft in the machinery space or the shaft alley. The main
reduction gear connects the prime mover, or engine, to the shaft. The primary function of the
main reduction gear is to decrease the high rotational speeds of the engine, allowing for the
propeller to operate at lower rotational speeds. This mechanism enables both the engine and the
propeller shaft to rotate at their most efficient speeds.

—{ Low Speed Diesel Engines F
—{ Direct-action
—{ Steam Turbine Engines F

Reversible Ship Medium Speed Diesel Fixed Pitch Propeller
Propulsion Engines

—{ Gas Turbine Engines F—{ Non Direct-action
—{ Joint Engine Groups F

—{ Low Speed Diesel Engines }—{ Direct-action } } Controllable Pitch Propeller

—{ Gas Turbine Engines ‘ Reduction Device ‘
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Propulsion

—{ Steam Turbine Engines

Medium & High Speed
Diesel Engines

Electric Generator H Electric Motor h
\

Reversible Reduction ‘
Device ‘ |
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Non Direct-action }» 777777777777777777 ‘ Water-jet Propulsion ‘

Fig. 1 Classification table of the propulsion architecture of a typical naval ship

The general ship propulsion architecture is based on the power required, the duty cycle,
environmental concerns, and many other factors. Some of the most popular cycles used for
naval ship propulsion employing the GE and Rolls-Royce Marine gas turbines are:

(1) Combined gas turbine system and mechanical drive propellers (COGAG);

(2) Combined gas turbine and diesel mechanical drive (CODAG);

(3) Combined gas turbine or diesel mechanical drive (CODOG);

(4) Hybrid drive options: combined diesel electric or gas turbine (CODOG);

(5) Integrated electric propulsion combined gas turbine and/or diesel electric.

00000000, il

\
3 4
Propeller Gear box  Main shaft Main Engine

Fig. 2 Illustration of a typical ship propulsion system
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The well-proven LM2500 aeroderivative gas turbine produced by GE has been directly
derived from the GE CF6 family of commercial aircraft engines and GE TF39 military engines.
Each DDG-51 ship is powered by four LM2500 gas turbines which are in a combined gas and
gas (COGAG) configuration. The LM2500 was again uprated in 1993 for use on the US Navy's
newest Sealift gas turbine-powered ships. The type 42s guided missile destroyer did not have
the missile Ikara and the obsolete Limbo ASW mortar, while the COSAG (combined steam and
gas) propulsion plant was replaced with a COGOG (combined gas turbine or gas turbine) one.
Power was generated by a COGOG arrangement which contained two Rolls-Royce ‘Olympus’
TM3B high-speed gas turbines coupled with two Rolls-Royce ‘Tyne’ RM1C gas turbines,
producing 50,000 horsepower and 5,340 horsepower, respectively. The combined gas turbine
or diesel mechanical drive (CODOG) types were also used in some frigates; for example, the
ROKS Cheonan (PCC-772) [34], a Pohang-class corvette (a small, manoeuvrable and armed
warship), served as part of the South Korean Republic of Korea Navy (Fig. 3).
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Fig. 3 A gas turbine and diesel engines (CODOG) installed on ROKS Cheonan, South Korea

2.2 Damage characteristics in severe shock environments

The damage failure mechanism of a naval vessel’s propulsion system is very complex. The
studies [35-36] reveal that the dynamic response of equipment (such as a supercharging boiler)
changes with water depth and attack angle. In the combat environment, the anti-ship weapons can
be traditionally categorized into four types: mines, torpedoes, bombs, and anti-vessel missiles. A
naval mine is a self-contained explosive device placed in water to damage or destroy surface
ships. The damage caused by a mine depends on the initial power of the explosion, and the
distance between the target and the detonation, which can be described as a shock factor [37].
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Damage to USS Samuel B. Roberts caused by a mine | Damage to USS Independence caused by a torpedo

Fig. 4 The characteristics of damage to ships caused by a mine and a torpedo
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As the second weapon type, the modern torpedo is a self-propelled streamline weapon with
an explosive warhead, launched above or below water surface, propelled underwater towards a
target, and designed to detonate either on contact with its target or in proximity to it. One of the
significant advantages of the modern torpedo is its low noise and long self-guidance operating
distance, which make it a stealthy weapon. The torpedo inflicts damage to the target similar to that
of a mine, but there are some differences. Specifically, the damage area and crevasse area caused
by a naval mine are larger than those caused by a torpedo. Furthermore, the crevasse depth caused
by a naval mine is less than that caused by a torpedo. The steel plate crevasse caused by a naval
mine is usually turned toward the inside, while the steel plate crevasse caused by a torpedo can be
turned either toward the inside or outside. The damage characteristics of United States Ship (USS)
Samuel B. Roberts (FFG-58) and USS Independence (CVL-22) are shown in Fig. 4 [38-39].
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Fig. 5 USS MAYRANT (DD402) near-miss bomb damage [36]

The third cause of damage in naval warfare encompasses aerial bombs and shipboard-gun
bombs, while a significant cause of damage lies in suicide aircraft, which share characteristics
with aerial bombs. Typically, bombs are categorized as either explosive, armour-piercing, or
semi-armour-piercing. Explosive bombs produce a non-contact air or underwater explosion
(UNDEX) shock wave. In contrast, armour-piercing and semi-armour-piercing bombs penetrate
the ship panel before exploding within the compartment, resulting in an air blast shock wave,
fragment penetration, and fire damage. A depiction of the near-miss bomb damage inflicted to
USS MAYRANT (DD402) is shown in Fig. 5 [40].
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The last, but the most serious threat to modern warships may be the anti-ship missile. The
first anti-ship missile, the SS-N-2 Styx (P-15Termit) missile, was used in the Middle East. In
1967, the Israeli destroyer Eilat was the first ship to be sunk by a ship-launched missile (some
Styx missiles launched by Egyptian Komar-class missile boats off the Sinai Peninsula). There
are several types of anti-ship missiles, such as blast warhead (BW), shaped-charge warhead
(SCW), and semi-armour-piercing warhead (SAPW). Despite the variety of anti-ship missiles,
the basic damage inflicted by an anti-ship missile is similar to that inflicted by a torpedo,
excluding underwater penetration. As the history of the anti-ship missile is short, the number
of available actual combat and target practice examples is limited. A typical damage inflicted
to HMS Sheffield by an anti-ship missile attack is shown in Fig. 6 [41].

Fig. 6 The damage to HMS Sheffield caused by the attack of Exocet missile [41]

Due to the complexity of practical cases, conventional weapons always contain one, two
or more damage effects. Based on the damage characteristics of four conventional anti-ship
weapons, nine types of effects of four weapons are summarized and shown in Fig. 7. To
simplify the damage process, the main four damage forms including the explosion-caused fire-
induced damage, high-speed fragment penetration-induced damage, high-level shock
acceleration damage caused by a wave, and the flooding of power room caused by an out-off
hull crack, are considered in the present study (Fig. 7).
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Fig. 7 The damage effects of four weapons (The figure has been taken from google pictures)

2.2.1 Direct damage type

The direct damage to the naval ship propulsion system is generally caused by explosion
fire and high-speed fragments. To determine whether the propulsion system equipment is
damaged or not, the critical point is to establish relationships between the damage criterion and
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stand-off distance (the distance between weapon explosive charge points and equipment).
Firstly, the distance / is obtained by the following expression:

= (X, —X) +(Y,-Y) +(Z,-2)" , (1)

where X, Y, Z are the coordinates of the power system equipment in the x, y, z directions,
respectively; X,, Yq, Z; are the coordinates of weapon explosive charge points in the x, y, z
directions, respectively.

For the first direct damage type, named fire-induced damage caused by explosion, the
description of the explosion fire is simplified as a spherical ball. The diameter and the length
of time, i.e., duration of a spherical ball, are given as in [42]:

D, =386M"™, T, =0299M}", 2)

where Dy is the diameter of a fire spherical ball caused by explosion, 7ris the duration of a fire
spherical ball caused by explosion, and M. is the mass of explosive charge. If the distance / is
smaller than the diameter Dy, the damage will occur.

For the second direct damage type, named damage induced by high-speed fragment
penetration, the distribution of fragment speed can be assumed as a uniform distribution. If the
total number of high-speed fragments is set as , the number n, which refers to the number of
fragments that is hitting the power equipment, is set as bellow [42]:

N
n= 3
4rl’ ®)
S=LH cosa cos S+ LBsin + BH sina 4)
gt 0
a=arc
s Z,-7Z
parcig~2 = (6)
=arc ,
X, —x

where S'is the exposure area, L, B, and H are the length, breadth, and height of power equipment,
and / is the stand-off distance; a and pfare the angles. Thus, we introduce the efficient area
coefficient K, expressed as

Damage Area of Power Equipment

K= ) (7
Exposure Area of Power Equipment
and the efficient number of high-speed fragments, expressed as
N
M= KS'. 8
47l ®

2.2.2 Non-direct damage type

The non-direct damage to propulsion system is usually caused by a shock transmission
process. The high-level shock acceleration damage is its main characteristic; its damage ratio
can be estimated by the following expressions [42]:

M g

R=F""e |20 4=193, £=50.0-60.0, (9)
ot yo,
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where R, is the damage ratio, M. is the mass of the explosive charge, o is the yield stress of the
base material, ¢ is the thickness of the ship shell structure, £ is the explosive parameter, y is the
structure parameter, £ is the modulus of elasticity of the base material, and p is the density of
the base material.

Another simple criterion to calculate the non-direct damage to a propulsion system is
adopting a critical damage acceleration [42],
{2 Ay, damage

x(y.2)

<A (19)

b
i(ysy» MOt damage

where A, -) 1s the shock acceleration in the x (y, z) direction, and Ay, -) is the critical damage
acceleration in the x (y, z) direction. The critical damage acceleration, Ay, z), can be obtained
by the anti-shock finite element analysis (FEA) or the empirical formulae from experiments.

2.2.3 Flood damage type

The third damage type, named flood damage to naval ship propulsion system, is the most
serious damage type caused by crevasse. The dimensions of a crevasse are estimated by the
following empirical formula [43-44]:

M@
t

R,=0.0704 (11)

or

— ML’
2R, —0.063%— \'10153 (12)

where M. is the mass of explosive charge, ¢ is the equivalent thickness of the ship’s stiffened
structures, and /' is the equivalent thickness of the ship’s stiffened structures.

3. The evaluation of the mathematical model

3.1 A model for the assessment of a direct or a flood damage, based on the fuzzy theory and AHP

To simplify the analysis, the direct damage to the propulsion system of a naval ship is
classified into four types, i.e., the damage caused by the low-capacity weapons, medium-
capacity weapons, high-capacity weapons, and nuclear weapons [45]; the classification of
weapons and examples are given below:

M\—Ilow-capacity weapons; for example, guns, high-explosive charges, and
penetration charges;

M>—medium-capacity weapons; for example, sea-skimming missiles, torpedoes,
and mines;

Ms—high-capacity weapons; for example, high-energy guns and near-explosion
missiles;

Mi—nuclear weapons.
The general types of attacks, classified into four types, are given below:

Ni—underwater direct hitting on the naval ship port side;
N>—underwater direct hitting on the naval ship starboard;
N3s—direct-hitting on the naval ship in the air;
Ns—nuclear weapon explosions out of a safe distance.
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Fig. 8 A fifth-order analytic hierarchy process (AHP) structural tree model

For a frigate or a classic destroyer (like a Spruance-class destroyer), generally,
B/Loa<0.1, where B is the ship breadth, and Loa is the length over all. For modern destroyers,
such as Arleigh Burke-class destroyers, B/Loa~0.125. However, for some large vessels like
aircraft carriers, e.g., Gerald R. Ford-class aircraft carriers, B/Loa~0.2. In our analysis, if
B/Loa<0.15, we assume that the third attack type direct-hitting on the naval ship in the air is
indifferent to the left-right divide. On the other hand, if B/Loa<0.15, the clear direction of the
third attack type direct-hitting in the air must be divided. The damage scope of the first and
second attack types can be calculated by Egs. (1)-(6) or Egs. (3)-(10), and the hitting
probability distribution is set as uniform. If the damage scope incorporates the power room,
the shaft power is lost. If the underwater direct-hitting occurs near the left(right) shaft, the
shaft will be damaged. The shaft will be safe if direct-hitting on the naval ship is in the air.
For the last attack type, the nuclear weapon explosion out of a safe distance, the damage to
room structures and equipment is set as random distribution. Three important elements of the
fuzzy theory and AHP are: a set of factors, an alternative set, and single factor assessment.
Thus, for our assessment scope, they include the following: a two-factor set list, such as the
assessment object set U, which includes a weapon type set and an attack type set,

M=(M,M,,.M),i=1~4, (13)
a general attack type set,

N=(N,N,,..N,),j=1~4, and (14)

an assessment language set V,
H=(,h,..h)k=12..., (15)

where H is the damage severity grade of the system, and /4 is the power loss percentage; its
value is based on the general arrangement and the weapon damage effect. As for three space
dimensions, the damage function can be described as f(M;, N,, hx).

The fuzzy matrix of a power system under different weapons R is expressed as the fuzzy
relation between the assessment object set U and the assessment language set V,

U—25v. (16)
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The fuzzy matrix of weapon threat to the power system is set as

o= (@, @,,..0,) (17)
K

F=| | =/R. (18)
Ei)

Thus, the assessment matrix F can be obtained. The probability of damage is expressed as

P=0-F=(B,B,..P) (19)

S,=P-H". (20)

3.2 A model for shock damage assessment, based on the fuzzy theory and AHP

The assessment of shock damage to mechanical or electrical equipment is a complex task
that involves a number of uncertain and fuzzy factors, such as the lack of uniformity in shock
damage assessment standards. The study [45] predominantly relied on the acceleration criteria
or shock response spectrum analysis for evaluation purposes. However, it should be noted that
the extent of shock damage is intricately linked to a range of variables, including the nature of
the explosion source, duration of the shock, and structural characteristics, among others. Here,
a fuzzy theory-based model has been developed; the model takes into account three installation
types: single-stage shock isolation, two-stage shock isolation, and direct rigid shock isolation.

For shock damage severity, the assessment language set can be described as

V=WV, 21)

where V1 indicates that the propulsion system is well, V> indicates the minor damage to the
naval propulsion system, /3 indicates the medium damage to the naval propulsion system, V4
indicates the serious damage to the naval propulsion system, and Vs indicates the complete loss
of the naval propulsion system. The corresponding damage matrix is given as

H=(h,h,h,h,h)=(0,0.25,0.5,0.751.0), (22)
where h=(i=1, 2, ...5) are the weight coefficients.
The assessment object set U can also be divided into three hierarchical processes;
v =0,,,U,,U,,U,U.U,,), (23)
where Ui is the gas turbine, Ui is the diesel engine with a single-stage shock isolator, U3 is

the diesel engine with a double-stage shock isolator, Uis is the diesel engine with a double-
stage shock isolator, Uis is the synchronous clutch, and Uie is the bearing of shafts;

Uz = (U21’U22=U233U24) > (24)

where U is the shock damage indicator K, U» is the shock response value, Uz is the
measurement of non-quantitative factors such as stand-off distance or explosion cause, U4 is
the measurement of some random factors;

U3 = (U31,U32,U33,U34) > (25)

where Us; is the vertical acceleration in the Z-direction, Usy is the acceleration in the Y-
direction, Uss is the acceleration in the X-direction, and Us4 is the initial velocity. All the factors
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in the sets, except for U3 and Ubs, can be analysed quantitatively by adopting the expression
for the fuzzy membership function, while U3 and U»4 are evaluated by fuzzy statistics or the
expert’s judgement. The fuzzy membership function with normal distribution types is given as

yvi(x):e(bj,i:1,2,---5. (26)

The basic characteristics of uyi(x) are summarized as follows: firstly, the membership
grade of x€ {x<x1}U{x>xs} is 1; if x€{x>xs}, the membership grade of the mid-point range is
1; secondly, the membership grade of the cross point of adjacent region is 0.5. According to the
above two rules, the values of coefficients a and b in the membership function can be obtained;
they are given in Table 1 and Table 2. Each factor is expressed as

n-j=ﬂvi(X)=e{ v J(i=1---5,j=1---5), (27)
and the first layer fuzzy matrix is given by
R=(),, &

Thus, the shock damage severity S; can be obtained by a fuzzy comprehensive
assessment.

Table 1 Factor range values of shock damage severity

Shock damage severity |41 V2 V3 V4 Vs
K (xi, xi+1), i=1,2...5 0 [0,0.3] [0.3,0.6] [0.0, 1.0] 1.0
Mid-point 0 0.15 0.45 0.8 1.0
(xi, xi+1), i=1,2...5 [0, 120] [120, 160] [100, 200] [200, 400] [240, 280]
av(g) Mid-point 60 140 180 220 260
(xi, xi+1), i=1,2...5 [0, 70] [70, 100] [100, 120] [120, 150] [150, 190]
a () Mid-point 35 85 110 135 170
(i, xi+1), i=1,2...5 [0, 50] [50, 70] [70, 90] [90, 110] [110, 140]
a.(8) Mid-point 25 60 80 100 125
Viss) (xi, x,-+{), i:.1,2, .5 [0,2.5] [2.5,3.0] [3.0,4.0] [4.0,5.0] [5.0, 6.0]
Mid-point 1.25 2.75 35 4.5 5.5
Table 2 Values of coefficients a and b
Severity K ay as ar 14
factor a b a b a b a b a b
Vi 0 0 60 72 35 42 25 30 1.25 1.5
V2 0.15 0.18 140 24 85 18 65 12 2.75 0.3
V3 0.45 0.18 180 24 110 18 85 12 3.5 0.6
Va 0.8 0.24 220 24 135 18 110 12 4.5 0.6
Vs 1 0 260 24 170 24 125 18 5.5 0.6

Thus, the shock damage severity S; can be obtained by a fuzzy comprehensive
assessment. Based on the damage severities S and Sz calculated in sections 3.1 and 3.2, the
survivability of the propulsion system 4AM is

AM =1-8, (29)

S=0S, +o,S, (30)
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4. Practical example assessment: propulsion system of a 3000 T class frigate

4.1 The design of the propulsion system

o)

)

R

e 2
. T

For f :';" =

=

i =

1

Fig. 9 General arrangement of the propulsion system of an Oliver Hazard Perry-class frigate [46]

As a practical example, the survivability of three propulsion system design types
(CODOG, CODAD, and CODAG) for a 3000 T class frigate as a simplified example of an
Oliver Hazard Perry-class frigate, is evaluated [46] (Fig. 9). The main parameters of these three

designs are given in Table 3.

Table 3 Main parameters of CODAD, CODOG and CODAG for a 3000 T class frigate

Parameters CODAD CODOG CODAG
Type of diesel engine PA6-STC-16 MTU 20V-1163-TB93 | MTU-20V-1163-TB82
Power of diesel engine 4*7050HP 2*7510HP 2*5500HP
Type of gas turbine - LM2500-30 LM2500-30
Power of gas turbine - 1*30400HP 1*30400HP
Division number of main engine 3 3 )
room
Length of forward main engine 9.5m 105m 145m
room Lr
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Length of afterward main engine

room Lg 10.5m 9.5m 8.0m
Length of gear box room Lc¢ 55m 55m -
Distance between afterward
main engine bulkhead and 35.0m 482 m 47.0m
propeller Lp
Water length L 120 m 120 m 120 m
Types of vibration isolator of gas i Single layer vibration Single layer vibration
turbine isolation isolation

Types of vibration isolator of

Double layer vibration

Double layer vibration

Single layer vibration

gear box

diesel engine at service speed isolation isolation isolation
Types of V.1brat10n 1solat0.r of Single layer vibration
diesel engine at acceleration . . - -
isolation
speed
Types of vibration isolator of Rigid mounting Rigid mounting Rigid mounting

4.2 The direct damage or flood damage assessment

According to the assessment model and the possible damage types listed in Fig. 7 and
Fig. 8, the assessment matrix of direct or flood damage to the propulsion system is given in
Table 4.

The damage hole diameter R can be evaluated from empirical formulae such as Egs. (1)-
(12) or numerical simulations. Practical combat statistical results show that the largest allowed
damage hole diameters for different ships differ. For example, for a minesweeper or submarine
chaser, it is about 2.0 m; for a frigate, it is about 2.0 m - 3.0 m; for a destroyer, it is about 3.0
m - 4.0 m; for a light cruiser, it is about 6.0 m - 8.0 m; and for a heavy cruiser, it is about 6.0 m
- 8.0 m. In the present study, the damage hole diameter R is set as 3.0 m.

Table 4 Assessment matrix of direct or flood damage to the propulsion system

U V= H=(hi, hz, h3) Weight

N; M; 100% Power lost 50% Power lost 0% Power lost

Ni M 2R/L (Lr+ LstLp)/L 1-2R/L-(LF+Ls+ Lp)/L 0.3
M 2R/L (Lrt LptLp)/L 1-2R/L-(LFt+Ls+ Lp)/L 0.7
M; 0 0 1 0
My 0 0 1 0

N2 M 2R/L (Lr+ Lpt+Lp)/L 1-2R/L-(Lr+ Lg+Lp)/L 0.3
M 2R/L (Lrt Let+Lp)/L 1-2R/L-(LF+ Ls+Lp)/L 0.7
M3 0 0 1 0
Ma 0 0 1 0

N; M 2R/L (Lr+ Lp)/L 1-2R/L-(L#+ Lg)/L 0.15
Mz 2R/L (Lr+ Lp)/L 1-2R/L-(LF+ Lp)/L 0.35
M; 2R/L (Lr+ Lp)/L 1-2R/L-(Lr+ Lp)/L 0.5
M 0 0 1 0

Na M 0 0 1 0
M 0 0 1 0
M; 0 0 1 0
My (2R + Lr+Lpt+ Lp)/L 0 1-(2R + L+Lp+ Lp)/L 0

For Ni~Ns in Eq. (14), the following expressions are valid:
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6 55 59 6 55 59
120 120 120 0.3 120 120 120 0.3
N_6 55 59 |07 N_6 55 59 107
171120 120 120 T oo 2120 120 120 |00 (31.2)
0.00 0.00 1.00 0.0 0.00 0.00 1.00 0.0
10.00 0.00 1.00] 10.00 0.00 1.00 |
6 20 94 ] ] i
120 120 120 0.15 0.00 0.00 1.00 0.00
6 20 94 035 0.00 0.00 1.00 0.00
N,=[120 120 120 |, 7y, = 0.50 , N,=0.00 0.00 1.00 |, 7= 0.00 (31.b)
6 20 94 00 61 59 00
120 120 120 - 120 0 120 | -
10.00 0.00 1.00]

According to the four attack weapon types, the global damage matrix is obtained as

0.0375 0.3000 0.4125
~10.0875 0.7000 0.9625

- 10.0250 0.0833 03917 | (32)
0.5083 0.0000 0.4917
Considering the weight factor matrix as
®=[0.2500 0.2500 0.1500 0.3500], (33)
the global fuzzy assessment result is shown as
P=w-F=(0.2129 0.2625 0.5746). (34)

Here, the evaluation level is explored as presented for the three types of propulsion,

H=[1.0000 0.5000 0.0000] (3%)

Scopany = P-H =0.3441
Scopocs = P-H' =0.4101 (36)
Scopacy = P-H' =0.4187

Based on the results presented above, it is evident that the extent of damage inflicted to
the three propulsion system design types, namely CODOG, CODAD, and CODAG, varies
significantly. Specifically, the damage inflicted to the CODAG propulsion system is found to
be the greatest, while that inflicted to CODAD is significantly smaller than that inflicted to the
other two propulsion system types. In addition to propulsion system types, the arrangement of
the main engine bulkhead and the length of the engine room are identified as the primary factors
that can mitigate the direct damage caused by underwater explosions. Notably, the effect of the
arrangement of the main engine bulkhead is found to be more significant than the effect of the
length of the engine room; this is evidenced by the results presented in Table 3.
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4.3  The shock damage assessment

There are two methods to evaluate the damage to a propulsion system caused by a shock
wave: the FEM analysis and empirical formulae from the underwater explosion (UNDEX)
tests. Here, in the initial concept design, the second method is adopted. As the literature on the
shock-induced damage is limited, we refer to some open reports, such as [45], and express the
average critical values for ship structures as

ar=200 g, ap=120 g, a;=80 g, t=0.025s, V=49.0 m/s. (37)

For a gas turbine, if a saucer shock absorption damper is used, the stiffness K is
1.19*%10°N/m, and the shock responses of the gas turbine are about 0.8%-1.2% of input
excitation. Thus, we can obtain

ayr=2.00 g, apr=1.20 g, arr=0.80 g, V7=0.49 m/s. (38)

Using empirical data, the shock responses of a diesel engine with single-layer vibration
isolation (the stiffness K=5.6*107 N/m) are found to be about 50.0% of input excitation.

av4=100.0 g, aps=60.0 g, ar4~=40.0 g, V4=24.5 m/s (39)

Also from empirical data, the shock responses of a diesel engine with double-layer
vibration isolation (the stiffness K;=5.60*107 N/m, K»=5.31*107 N/m) are found to be about
10.0% of input excitation.

ayp=20.0 g, app=12.0 g, arp=8.0 g, Vp=4.90 m/s (40)

For a synchronous clutch, we assume that
arr=100.0 g, ap=60.0 g, ar;=40.0 g, V1=24.5 m/s. (41)

For a gear box, we assume that
arg=100.0 g, apc=60.0 g, arc=40.0 g, V5=24.5 m/s. (42)

By submitting Eqgs. (37)-(42) into (21)-(29), we can obtain the first fuzzy assessment
matrix for a diesel engine with single layer vibration isolation as follows:

0.7344 0.0622 0.0000 0.0000 0.0000
107017 0.1453 0.0000 0.0000 0.0000 @3)
47107788 0.0130 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000

Then, normalizing the matrix, we obtain:

0.9219 0.0781 0.0000 0.0000 0.0000
R _ 0.8285 0.1715 0.0000 0.0000 0.0000 a4)
147109836 0.0164 0.0000 0.0000 0.0000 |’

0.0000 0.0000 0.0000 0.0000 0.0000

and the weight factor arrow of the matrix is given as

W, =[035 020 0.10 0.35]. (45)
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According to the first level fuzzy assessment, we can obtain

Ay =W Ry, =[0.5867 0.0633 0.00 0.00 0.00], (46)

Ay, =[0.0 0.0 0.15 0.84 0.00]. (47)

Referring to the literature for the weighting setting of unknown factors [47], the other
assessment arrows are given as

As, =[0.0 036 048 032 0.00], (48)

A4y =[0.0 048 050 0.12 0.00]. (49)

The second fuzzy assessment matrix is expressed as

0.5867 0.0633 0.0000 0.0000 0.0000
_— 0.0000 0.0000 0.1500 0.8400 0.0000 (50)
2 710.0000 0.3600 0.4800 0.3200 0.0000 |’

0.0000 0.4800 0.5000 0.1200 0.0000

and its weight factor arrow is given as

W,, =[0.40 030 0.15 0.15]. (51)
Based on the second fuzzy assessment,
B,, =W,,R,, =[0.3610 0.1575 0.1825 0.3139 0.00]. (52)
The damage to a diesel engine with single layer vibration isolation is
10.00 ]
0.25
S, =B,,H' =[0.3610 0.1575 0.1825 0.3139 0.00]| 0.50 |=0.3661. (53)
0.75
1 1.00 |

The damage evaluation results for the other equipment are shown in Table 5.

Table 5 Main parameters of three power system design types for a 3000T class frigate

Number Equipment CODOG
1 Gas turbine with single -layer vibration isolation S51=0.3562
2 Gas turbine with double-layer vibration isolation Sp=0.3563
3 Synchronous clutch S1=0.4030
4 Gear box S6=0.5474
5 Bearing S$B8=0.5963

When the severity of damage to each part of the ship power system is obtained, using the
assessment model from section 3.2, the shock survivability of each ship propulsion system is
calculated as follows:

Scopana = 0.4337
Scopoca = 0.3932 (54.2)
Scopaca = 0.3966
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The above calculation results show that the shock survivability of CODOG is better than
those of CODAD and CODAG. This is mainly due to the double layer vibration isolator which
can reduce the shock damage significantly, and it is more efficient than the single layer vibration
isolator. Other reasons may be the arrangement of power system such as the division number
of main engine room and the length of main engine room. Thus, the total damage can be
calculated by using the weighting factors ®1=0.2 and ®,=0.8 as follows:

Scopan = 0-2S copany + 0-8S copap, = 0.4158
Sconos = 0-28opogs +0-8Scopoga = 0.3966 (54.b)
Scopac = 0-28copags +0-88copag, =0.4010

and the global survivability for each architecture is given as

AM pap =1=Scopap = 0.5842
AM opo6 =1=Scopog =0.6034 (55)
AM pac =1-Scopag =0.5989

5. Conclusions

A range of different potential damage scenarios, including localized structural damage
and the failure of critical equipment and systems caused by shock damage, have been
considered. After conducting an in-depth damage source analysis, a model combining the fuzzy
theory and the analytic hierarchy process (AHP) was selected as the mathematical basis for the
proposed method. The analytical model enables the vulnerability of ship propulsion system
components, including gas turbines, synchro clutches, and gears, to be determined. The
methodology was then applied to evaluate the survivability of a modern naval ship during the
initial concept design phase. The main findings of the study are as follows:

(a) The study provides a summary of the damage characteristics and nine types of effects
caused by four conventional anti-ship weapons, including missiles, bombs, torpedoes, and
mines. The damage process and four damage forms were categorized into fire-induced damage
caused by explosion, damage induced by high-speed fragment penetration, high-level shock
acceleration damage caused by the underwater explosion shock wave effect, and flooding of
power room caused by the naval ship hull off-hull crack.

(b) The five levels of damage (i.e., mean well, minor damage, medium damage, serious
damage, and complete loss) can give reasonable descriptions of a propulsion system. In
addition, the fifth-order analytic hierarchy process (AHP) structural tree model, which
considers both the shock damage and crevasse damage, is a highly efficient method to represent
the main damage process in the severe shock environment. Moreover, the fuzzy matrix with a
fuzzy membership function using normal distribution types can also separate the fuzzy effects,
including the cross points of adjacent damage regions.

(c) The damage evaluation results of the survivability of three propulsion system design
types (CODOG, CODAD, and CODAG) for a 3000 T class frigate, as a simplified example of
an Oliver Hazard Perry-class frigate, show that this model is intended to be a fast and robust
method, which can obtain the damage level of each key part of propulsion system. This enables
changes based on the analysis results to be made during the iterative design cycles.
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