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ABSTRACT 

Currently used Landing Craft Utility (LCU) stability criteria may not be 

optimal for the typical coastal transits of those vessels. Therefore, this study 

examines the intact transverse static and dynamic stability of the LCU in order to 

recommend more appropriate criteria for short-range transits. The analysis mainly 

uses the Program of Ship Salvage Engineering (POSSE) software and the 

standard Ship Motion Program (SMP) to model a stochastic sea state, simulate 

the LCU’s loading conditions, and predict the craft’s dynamic responses in certain 

sea state conditions. The LCU’s static transverse stability is derived by the POSSE 

software in terms of righting arm diagrams for different loading conditions, while 

the SMP software determines the dynamic transverse stability. The SMP analysis 

is based on seakeeping theory, using sea spectra model techniques to determine 

the LCU’s roll angle dynamic responses. 

Based on these simulation results, the study evaluates the currently used 

stability criteria and arrives at new dynamic stability recommendations and 

improved operational limits. These may be further refined by using hull appendage 

implementations in follow-on studies. 
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I. INTRODUCTION 

A. MOTIVATION 

A basic concern of naval architecture is vessel stability.1 Generally, 

emphasis is given to transverse stability, which refers to a vessel’s ability to return 

to equilibrium position when the applied external forces generate moments acting 

around the centerline axis of the vessel. Longitudinal stability, on the other hand, 

expresses a ship’s ability to resist trim; that is, the difference between forward and 

afterward drafts. 

Ship stability is influenced by many factors including displacement, load 

distribution, wind speed, underwater volume, sea state conditions, turning angle, 

and speed. Those factors, expressed as numerical parameters, contribute to the 

generation of the ship’s stability curves. Stability curves describe the ship’s 

transverse stability over a wide range of heeling angles and provide information 

about the required righting arm and moments in order to return the ship to the initial 

equilibrium state when it has been disturbed by a particular heeling angle.  

These stability curves are used to derive the stability criteria of a ship for a 

particular set of parameters associated with curves, such as the heeling angle, the 

righting arm, and the area under the curves, which are expressed in terms of 

mathematical limitations of parameter values. Stability criteria can provide a ship 

with an operational guide. Compliance with such criteria ensures a ship’s positive 

stability (i.e., the ship’s ability to restore itself to its initial position), in contrast to 

negative stability, which refers to the ship’s tendency to overturn.  

Built in 1970 by the U.S. Navy, the Landing Craft Utility (LCU) is a small 

displacement craft used in amphibious operations to transport troops and military 

equipment, such as wheeled vehicles and tanks, to shore. Carried and launched 

by amphibious assault ships, its primary objective is to land military equipment and 

                                            
 1 The ability to return to an equilibrium state when subjected to external loads that are then 
removed. 
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personnel. This research used the LCU 1644 model. Jane’s by IHS Markit 

describes some basic characteristics of the craft are as follows: 

General Characteristics 

 Length (Overall): 41.1 m 

 Length (Between Perpendiculars): 40.84 m 

 Beam: 8.8 m 

 Depth 2.44 m 

 Maximum Speed: 5.66 m/s (11 knots) 

 Maximum Range: 2,222.4 Κm (1200 Nautical Miles)  

 Economic Speed: 4.12 m/s (8 knots)  

 Maximum Load: 127 Metric Tones 

 Crew Members: 16 

 Propulsion system: 4 Detroit 6-71 diesels 519.007 KW (696 hp) [1] 

Stability criteria currently used for the LCU are mainly based on the 

“Procedures Manual for Stability Analysis of U.S. Navy Small Craft, 1977 [2].” This 

manual provides a transverse dynamic stability analysis for small displacement 

vessels. This analysis is a partially empirical procedure, uses the stability curves, 

and provides stability criteria by focusing on the ship restoring moment. The ship 

restoring moment is the moment produced by the misalignment of the gravity and 

buoyancy forces’ acting points and contributes to the ship righting to the initial 

equilibrium position. 

This analysis assumes open ocean transits associated with high wind 

velocities; the majority of LCU missions, however, occur in coastal water with lower 

wind velocities. This fact then raises the question of whether or not the currently 

used stability criteria are in fact optimal for use with the LCU and its costal missions 

and associated loading conditions. More specifically, these criteria may be overly 

conservative, resulting in a negative impact on LCU operational limitations. 

Specific stability criteria for the LCU missions are not currently documented.  
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B. OBJECTIVES AND OUTLINE 

The main objective of this research is to investigate the suitability of stability 

criteria currently used for the LCU by performing a rigorous analysis. This analysis 

examines the intact stability of the craft during coastal missions. More specifically, 

this analysis focuses on LCU performance in short-range coastal transits from 

amphibious assault ships to the beach carrying different equipment loads and 

personnel. A further objective is to contribute to a guideline for the entire LCU fleet 

based on the conditions and characteristics of its typical coastal missions. Chapter 

II presents the currently used stability criteria for the LCU according to the manual 

mentioned previously, as well as the basic static stability theory. Chapter III 

discusses seakeeping and dynamic stability theory, and presents the most popular 

and useful sea wave spectra for these kinds of analyses. Chapter IV describes the 

software used to determine the ship’s static and dynamic responses. Chapter V 

presents the simulation results, with an emphasis on the operational trade space 

of the LCU. Chapter VI presents the conclusions and recommendations on the 

ship’s stability, and discusses future work that could follow the current research. 

C. ASSUMPTIONS AND TASKS 

This research is conducted using three general, high-level assumptions for 

the LCU stability analysis: 

 The ship’s center of gravity does not change as the angle of heel 

increases or decreases. 

 The ship’s center of buoyancy is always defined as the geometric 

centroid of the ship’s underwater hull area. 

 The shape of the ship’s underwater hull area will continue to change as 

the angle of heel increases or decreases.  

This thesis research focuses on the following tasks: 

 Categorization of the currently used LCU stability criteria 

 Simulation of the stochastic nature of the sea state environment by using 

the appropriate software 
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 Establishment of problem boundaries by selecting the values for crucial 

parameters in the modeling software 

 Determination of the ship’s static stability and dynamic responses   

 Evaluation of the LCU’s static and dynamic stability on the basis of the 

obtained simulation results 

 Development of Operational Recommendations for the LCU during 

usual coastal water missions 
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II. BACKGROUND—CURRENT STABILITY CRITERIA FOR 
THE LCU AND STATIC STABILITY THEORY 

A. WIND ACTION AND ROLLING 

Wind beams influence the transverse stability of a ship by producing a wind-

generated heeling arm. This heeling arm is derived from wind force and is applied 

to the ship’s exposed surfaces, which produces a heeling moment. This results in 

a heeling angle and the craft undergoes inclination, which disturbs its initial 

transverse stability.  

Generally, the transverse stability of a ship is described by the righting arm 

curves. These curves are designed for the ship’s specific parameters of 

displacement and vertical position of ship’s center of gravity, resulting in the 

righting arm (GZ ) against the heeling angle ( ). These curves provide a measure 

of the ship’s ability to withstand capsizing under certain conditions.  

The wind-produced heeling arm and heeling moment are dependent on the 

wind pressure applied to ship’s exposed area. The wind pressure is a function of 

wind velocity, and this velocity is regarded to increase as a function of the height 

from the sea surface. The ship’s projected area is not uniform, and an assumption 

of a combination of many simple rectangular areas is made [2]. Then, an 

equivalent rectangular area is used. Furthermore, in order to compute the wind 

pressure on the projected ship’s surface, a standard rule is used to calculate wind 

velocity. According to this rule, wind velocity is measured at a distance of 10 meters 

(m) from the sea surface [2]. A typical wind velocity profile is shown in Figure 1. 

The wind pressure on the ship’s projected area is described in [2] as: 

  
2

0.004k kp V .  (1) 

kp : Wind pressure in lb/ft2 

kV : Wind velocity in knots 
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Figure 1. Wind Velocity Profile above the Water Line. 
Adapted from [2]. 

The produced wind heeling arm is a function of the aggregate wind 

pressure, the projected area, the ship displacement, and the centroid of the 

projected area height. As described in [2]: 

 k kp Ah
HA 


,  (2) 

HA : Heeling arm in ft. 

kp : Wind pressure in lb/ft2 

A : Ship projected area above water line ft.2 

kh : Distance from the half draft to the projected        

    area centroid in ft. 

 : Ship displacement in lbs. 

According to the previous analysis, in order to have sufficient stability, a ship 

must meet the stability criteria as illustrated in Figure 2: 

1. The heeling arm (HA) at the point of intersection of the two curves 

(righting arm curve and wind heeling arm curve), point C, must not 

exceed the 0.6 of the maximum righting arm (RA Μax) [2], [3]. 
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2. The area A1 (the area between the two curves) should be equal to or 

greater than the area 1.4x(A2) [2], [3]. 

 

Figure 2. Righting Arm and Wind Heeling Arm Curves. 
Adapted from [2]. 

B. LIFTING HEAVY WEIGHTS OVER THE SIDE 

In the case when a lifted weight is not contained in the initial displacement 

of the ship, the righting arm curve is no longer valid. Therefore, this curve requires 

correction based on the new displacement conditions. If the lifted weight is 

connected to the ship in a way that permits free movement, it is considered to be 

attached to the base of the boom and always acts downward [2]. As weight lifting 

affects both the total ship displacement (if the weight is added) and the position of 

the center of gravity (G ), the required correction should take into account the new 

final position of that point (G ). The initial righting arm curve of the ship, ( )GZ  , 

connects the righting arm (GZ ) with the heeling angle (  ). After the weight lifting, 

these curves require corrections corresponding to the ship’s new center of gravity. 

These corrections take place in two sequential, yet distinct steps: 
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First, we assume that the weight added in the vertical line passes from the 

ship’s original center of gravity (VCG). The VCG parameter is the vertical distance 

between the lower keel point 𝐾 (base line) and the ship’s center of gravity, point 

G . The additional weight (W ) placed at a height ( h  ) from the base line results in 

the position change of the ship’s center of gravity toward this vertical line. The new 

position is given by the formula as noted in [2]: 

 
 KG Wh

KG
W

 
 

 
,    (3)  

KG : Vertical distance between base line and initial     

     center of gravity in ft. 

KG : Vertical distance between base line and new center   

      of gravity in ft. 

h : Vertical distance from the base line to the position the     

    weight added in ft. 

 : Ship displacement in lbs. 

W : Added weight in lbs. 

 

Then, the corrected/adjusted righting arm corresponds to one of the 

following: 

 

If KG h  the new righting arm is as explained in [2]: 

 ( ) ( ) sinGZ GZ GG     ,  (4) 

If KG h  the new righting arm is as explained in [2]:   

 ( ) ( ) sinGZ GZ GG     ,  (5) 

Second, the weight (W ) is moved from the ship’s center line by a lateral 

distance L . This movement results in a shift of the ship’s center of gravity to a new 

position given by the relationship, as described in [2]: 
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WL

G G
W

  
 

,  (6) 

G G  : Lateral distance between the G  position and the final location of 

 center of gravity G  in ft.  

 : Ship displacement in lbs. 

W : Moved weight in lbs. 

L : Lateral distance between the Gposition and the location of the added  

   weight in ft. 

The final corrected/adjusted righting arm is as explained in [2]: 

 ( ) ( ) cosGZ GZ G G       .  (7) 

Based on the previous analysis, as shown in Figure 3, the criteria that must 

be satisfied for stability are as follows: 

1. The heeling angle at the point of intersection of the two curves 

(righting arm curve and weight over side curve), point C, must be 

equal to or lower than 15 degrees [2], [3]. 

2. The heeling arm (HA) at point C must not exceed the 0.6 of the 

maximum righting arm (RA Max) [2], [3]. 

3. The area representing the reverse dynamic stability of the craft (the 

area between the two curves) must be equal to or greater than 40 

percent of the total area under the curve of the righting arm [2], [3]. 
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Figure 3. Righting Arm and Weight over the Side Heeling Arm 
Curves. Adapted from [2]. 

C. CROWDING OF PASSENGERS TO ONE SIDE   

The crowding of passengers to one side of a ship affects the transverse 

stability of the ship by producing a heeling arm, which changes the ship’s initial 

righting arm and alters its stability. For this heeling arm analysis, the assumptions 

made are the passenger contact areas, individual passenger’s weight, and the 

locations of the total weight. According to these, each passenger stands over a 2 

foot square (0.186 m2) area and weighs 165 pounds (74.84 Kg) on average, and 

the entire group of passengers is located on one side of the craft [2]. The heeling 

arm produced is given by the formula as explained in [2]: 

 
cosg PW

HA
 




,  (8)               

HA : Heeling arm in ft. 

gW : Total weight of passengers in lbs. 

    P : Distance between the group passengers’ center of gravity and the    

       ship’s center line in ft. 
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 : Ship displacement in lbs. 

 : Heeling angle in degrees (o) 

According to the previous considerations, as shown in Figure 4, the criteria 

that should be met for adequate stability are:  

1. The heeling angle at the point of intersection of the two curves 

(righting arm curve and crowding of passengers to one side curve), 

point C, must be equal to or less than 15 degrees [2], [3]. 

2. The heeling arm (HA) at point C must not exceed 0.6 of the maximum 

righting arm (RA Max) [2], [3]. 

3. The area representing the reverse dynamic stability of the craft (the 

area between the two curves) must be equal to or greater than 40 

percent of the total area under the curve of the righting arm [2], [3]. 

 

Figure 4. Righting Arm and Crowding of Passengers Heeling Arm 
Curves. Adapted from [2]. 
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D. HIGH-SPEED TURNING 

When a ship makes a turn at high speed, centrifugal force arises and acts 

on the ship toward the outside. The magnitude of this force is expressed by the 

formula, as noted in [2]:  

 
2

SV
F

gR


 ,  (9)    

 : Ship displacement in lbs. 

   
SV : Ship linear velocity in ft/s 

   g : Gravity acceleration = 32.174 ft/s2 

   R : Radius of turn in ft. 

In an equilibrium state of the forces, a side resistance develops that is equal 

and opposite to centrifugal force [2]. This resistance creates a moment that 

consequently produces a heeling arm. The lever of this moment is considered to 

be the distance between the ship’s center of gravity (G ) and the application point 

of the side resistance in the submerged part of the ship, which, by convention, is 

chosen half way along the draft [2]. This lever measured in feet is symbolized as 

Sa . Then, the heeling arm of the high-speed ship turning is yielded by the 

expression, as explained in [2]: 

 
2 cosS SV

HA
gR

 
 ,  (10)            

 : Heeling angle in degrees (o) 

SV : Ship linear velocity in ft/s 

g : Gravity acceleration = 32.174 ft/s2 

R : Radius of turn in ft. 

In cases of high-speed turning, the criteria for adequate ship stability 

according to Figure 5 are as follows: 

1. The heeling angle at the point of intersection of the two curves 

(righting arm curve and high-speed turning heeling arm curve), point 
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C, must be equal to or less than 10 degrees for a new ship and 15 

degrees for a ship in service [2], [3]. 

2. The heeling arm (HA) at the point C must not exceed the 0.6 of the 

maximum righting arm (RA Max) [2], [3]. 

3. The area representing the reverse dynamic stability of the craft (the 

area between the two curves) must be equal to or greater than 40 

percent of the total area under the curve of the righting arm [2], [3]. 

 

Figure 5. Righting Arm and High Speed Turning Heeling Arm 
Curves. Adapted from [2]. 

E. TOPSIDE ICING 

Ice accumulation on a ship depends on various factors such as velocity, 

surface texture, location, and surface inclination. Generally, the analyses assume 

a standard thickness of accumulated ice on the weather deck. If the thickness is 

not specifically determined, then it is taken as 3 inches (0.0762 m) and 6 inches 

(0.1524 m), and this research examines both cases [2]. Ice accumulation on masts 

and other fittings is assumed to be 0 inches [2].  
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Topside icing affects a ship’s stability by increasing its displacement and 

raising the center of gravity. For the calculations, ice density is assumed to be 56.7 

lbs/ft3 (908.25 Kg/m3) [2]. Analysis of topside icing stability criteria is closely related 

to wind beam effects on the ship’s stability. The topside icing effect is studied as 

an adjustment of the wind beam effect. This is an adjustment of the wind heeling 

arm curve due to the equivalent wind velocity. The equivalent wind velocity is 

yielded by the formula, as described in [2]: 

 

1/2

i
i k

k

HA
V V

HA

 
  

 
,  (11) 

iV : Maximum wind velocity, for the assumed ice    

    layer thickness, in knots    

iHA : Heeling arm at heeling angle θ=0ο for the topside icing wind condition 

kHA : Heeling arm at heeling angle θ=0ο for the wind condition                  

without ice 

kV : Wind Velocity without ice in knots  

After the determination of the equivalent wind velocity, the analysis uses 

relationships (1) and (2) to determine the heeling arm produced by the topside 

icing effect. Stability is sufficient if all the criteria of wind beam and rolling case, 

referred to previously, are met according to Figure 6 [2]. 
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Figure 6. Righting Arm and Topside Icing Adjusted Wind Beam 
Heeling Arm Curves. Adapted from [2]. 

Additionally, in the topside icing condition, the analysis uses a combined 

approach, which takes into consideration both the maximum acceptable ice 

thickness and the maximum acceptable wind velocity:  

1. The maximum acceptable thickness for an ice layer is specified by 

the wind conditions in the area of interest [2]. 

2. The maximum acceptable wind velocity is specified by the assumed 

thickness of the ice layer [2]. 

3. If ice accumulations or wind velocities are predicted to be higher 

than the maximum set values, the craft safety is no longer secured 

and depends on the decision to depart [2]. 
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III. SEAKEEPING AND DYNAMIC STABILITY THEORY 

A. BASIC FLUID MECHANICS ASSUMPTIONS 

Seakeeping is the dynamic response and motional behavior of the ship on 

sea waves. To study seakeeping, we consider only the surface sea waves, which 

are characterized by time periods of some seconds [4]. One basic tool of this study 

is the potential flow theory, which describes the fluid properties under two main 

assumptions: the conservation of mass and the irrotational flow [4].  

Conservation of mass requires that fluid mass flowing in a control volume 

(V) should be equal with the increase of the mass in this volume. This concept is 

expressed by the relationship as described in [4]: 

                                          0U
t





 


.                                             (12) 

By assuming the fluid density  to be constant (incompressible flow), we get 

the volume-continuity equation from [4]: 

 0U  ,   (13) 

U : The velocity vector of fluid U u i v j w k      ,                     (14)

  : The operator i j k
x y z

  
   

  
 ,                                                  (15) 

from which the final continuity equation is derived, as explained in [4]: 

 0
u v w

x y z

  
  

  
.  (16) 

Irrotational flow requires no circulation of the fluid in a closed curve C . That 

discipline is mathematically described by the equation, as noted in [4]: 

 0
C

U dr  ,   (17) 
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C : Closed curve 

r  : Position vector 

dr idx jdy kdz     

Since the integral is the same in any path of integration, the velocity vector 

can be described by the expression of exact differential of the function ( ), which 

is a scalar magnitude [4]. The velocity potential is identified as follows, according 

to [4]: 

 U  .  (18) 

Combining Equations (13) and (16), we take the Laplace equation, as noted 

in [4]: 

 
2 2 2

2

2 2 2
0

x y z

     
     

  
.  (19)             

B. SEA WAVE NATURE 

1. Regular Waves 

To identify the motion of the free surface of seawater, we consider a two-

dimensional wave in the x-z plane, as shown in Figure 7. This type of wave is 

called a regular wave and has a simple sinusoidal form [4]. The propagation 

direction of the wave is the x-axis, and the vertical motion of any point in the free 

surface is measured in the z-axis and is given by the formula, as described in [4]: 

 ( , ) cos( )On x t A kx t  ,  (20) 

    n : Vertical displacement of seawater free surface in m 

     : Angular frequency in rad/sec 

    x : Wave propagation direction 

    t : Time in sec 

    k : Number of waves per unit space ( 2 / Wk    ) 

   W  : Wavelength in m 

   OA : Wave amplitude in m  
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Figure 7. Sinusoidal Form of Regular Free Surface Wave in x-z 
Plane. 

The wave number k  is linked with the angular frequency by the dispersion 

equation, as explained in [4]:  

 
2

k
g


 .  (21) 

A wave moves with planar velocity, which has two components, horizontal 

Pu , and vertical Pw . The horizontal velocity component reaches the maximum 

value at the points of crests and troughs, while the vertical velocity component 

takes maximum values at the points of nodes [4].  

2. Irregular Waves 

In general conditions, we have waves with different amplitudes nA  and 

wavenumbers nk , which are characterized as irregular or random waves [4]. 

Irregular waves can be described as a large number of superimposed regular 

waves [4]. Subsequently, the irregular motion of a ship can be described by its 
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superposition of responses to regular waves. If we consider n-Number of regular 

waves, then the motion equation of irregular seaway is as described in [4]:  

  
1

( , ) exp( )
N

n n

n

n x t A ik x i t


    .  (22) 

3. Waves Features 

Sea waves have features that define their form and size. A wave crest is 

the highest part of the wave cycle above the water level, where the free sea surface 

displacement is at its maximum. Based on this feature, waves are characterized 

as long- and short-crested. Real seas are most likely characterized by short-

crested rather than long-crested waves. The lowest part of a wave, the trough, is 

located between two crests. At this part, the free sea surface has the maximum 

displacement below the water level. The fetch is the horizontal distance over a free 

surface area where the wind acts in a constant direction and creates waves [4]. 

The fetch is a critical factor that affects the waves’ size. An increase in the fetch 

results in the generation of increased wave height. In the case where sea wave 

spectra have reached a steady state condition with maximum wave size, 

independent of the fetch and the time within the wind has been applied on the sea 

surface, then the sea is called a fully developed sea [4]. When the sea waves are 

no longer exposed to the wind action field, they form a decaying sea [4].  

C. SHIP DYNAMIC RESPONSES 

1. Ship Motion—Degrees of Freedom 

To determine a ship’s motion resulting from waves’ forces applied to its 

body, we make an assumption about the waves’ nature, regarding them as the 

superposition of basic plane sinusoidal waves [4]. Then we can distinguish the 

ship’s body motion in six ways: three translational and three rotational, both types 

with respect to the three main axes of the coordinate system (x, y, z). The three 

motions toward the axes’ directions are called “surge,” “sway,” and “heave,” while 

the three rotational motions around the axes’ directions are called “roll,” “pitch,” 

and “yaw,” respectively [4]. These motions are shown in Figure 8. 
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Figure 8. Degrees of Freedom of Ship Motion. Source: [5]. 

More specifically, the six degrees of freedom in a ship’s motion are 

explained in Ship Motions Program: 

Surge: The fore and aft rigid motion of the vessel in waves. 

Sway: The ship’s rigid-body lateral motion of the vessel in waves. 

Heave: The vertical rigid-body motion of the vessel in waves. 

Roll: The rigid-body rotational motion of the vessel in waves about the 

longitudinal axis. 

Pitch: The rigid-body rotational motion of the vessel about the mid-ship    

 axis. 

Yaw: The rigid-body rotational motion of the vessel in waves about the 

vertical axis [7]. 

The determination of the ship’s motion in those six ways requires the 

calculation of the harmonic responses of ship in terms of displacement ( jn ), 

velocity ( jn ), and acceleration ( jn ) as a result of the wave’s applied forces, known 

as exciting forces [4]. The harmonic responses are given by these equations, as 

described in [4]:  
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 ( ) exp( )j en t n i t , 1 6j   ,  (23) 

 ( ) exp( )j e en t i n i t  , 1 6j   ,  (24)  

                  
2( ) exp( )j e en t n i t   , 1 6j   ,                             (25) 

where n  is the harm1onic response amplitude and 
e  refers to the ship motion 

frequency when the ship possesses nonzero linear velocity SV , as noted in [4] :  

 
2

e SV
g


   .  (26) 

A ship’s motions are linked to the forces applied on the ship body as 

expressed by a set of six equations in the frequency domain, as explained in [4]:  

 
6

2

1

[ ( ) ]j e ij ij e ij ij O i

j

n M A i B C A F 


     ,  (27) 

  iF : The force per wave unit amplitude (exciting forces) 

  OA : Wave amplitude 

  ijM : Matrix of mass elements 

    ijA : Matrix of force components in the 𝑖 motion per unit of acceleration in   

    the 𝑗 motion (add mass forces) 

    ijB : Matrix of force components in the 𝑖 motion per unit of velocity in the 𝑗   

    motion (damping forces) 

    ijC : Matrix of restored forces and moments by the hydrostatic buoyancy  

    effect on the ship (hydrostatic forces) 

The solution of the equations (27) gives the six ways of ship motion as 

follows, according to [4]:  

 1

1

[ ]
N

j O ij i

j

n A D F



  , 1 6N   ,  (28) 

 
1[ ]ijD 
: The system appropriate inverse matrix 
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An important magnitude derived by this equation is the Response Amplitude 

Operator (RAO), which relates the amplitude of the ship’s motion to the amplitude 

of the incidental wave [4]. In other words, RAO indicates how much ship motion 

displacement is produced per unit of excitation force, and is given by the formula 

noted in [4]:  

 
1

1

[ ]
N

j

ij i

jO

n
RAO D F

A





  , 1 6N   .  (29) 

2. Exciting Forces Coupling Effect 

When applied concurrently on the ship’s body, waves’ exciting forces create 

combined effects on the ship’s motion responses, known as coupling effects. For 

example, if the ship body undergoes heave and pitch due to applied exciting forces 

and the displacements related to those motion are 3n  and 5n , respectively, then 

we have to take into consideration both heave and pitch displacements to 

determine the absolute vertical displacement ( VA ) of a point sited in the distance 

Lx  along the ship hull’s length [4]. We can do this using the equation described in 

[4]:  

 3 5VA Ln x n   .  (30) 

D. WAVES DESCRIPTION AND STATISTICAL ANALYSIS 

Surface sea waves are characterized by the random nature of their height 

and phase. This randomness is due to the wind motion variations and the long 

distances at which the waves are propagating [4]. Therefore, the study of those 

waves becomes complicated, especially if we need to take into consideration all 

the different waves acting on a ship body. For that reason, the effective study of 

waves requires a probabilistic approach. For this probabilistic study to be feasible 

and sufficient, we must introduce some necessary assumptions about the waves’ 

characteristics in space and time. The first assumption regards the wave as 

stationary, which means its statistical properties are the same for a few hours, so 

the wave does not change over time [4]. The second assumption is that the wave 
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is homogeneous, which requires the statistical properties of the wave to be 

constant in a small sea area, so the wave does not change in space [4]. The third 

assumption is the ergodic wave, which means that the properties obtained by the 

study of a wave sample (sampling process) are the same as those of the whole 

wave [4].  

Thus, to study random waves, we perform a Fourier analysis for each wave 

component (different amplitudes and frequencies) and plot the energy of these 

components against the frequency. The energy content of all wave components 

put in the same frequency diagram gives the seaway spectrum in the frequency 

domain. A plot of the seaway spectrum shows the total energy contained in the 

seaway, as well as the distribution of this energy in the frequency range [4]. The 

spectral density ( )S   in the frequency domain   is shown in Figure 9.  

 

Figure 9. Spectral Density as Function of Frequency. 
Adapted from [4]. 

The wave energy is proportional to the mean amplitude squared [4]. In a 

very small frequency band   the wave mean amplitude is related to the spectral 

density by the equation, as explained in [4]: 

 
2 ( ) ( )oh S    .  (31) 

S(ω)

ω

S(ω)

ω

Δω

Spectral
Energy
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Using the aforementioned assumptions about the wave nature, this 

equation can be extended to the whole examined sea area by the relationship as 

noted in [4]: 

 
2

0
( ) ( )oh S d  



  .  (32) 

After obtaining the wave’s mean high using the spectral density, it is 

necessary to identify the distribution of the wave heights around the mean value. 

To do that, we assume that seaway is divided into narrow bandwidths of waves, 

which carry the sea spectra energy. Then, we conduct statistical analysis for those 

waves in order to determine their significant values [4]. This statistical analysis 

uses Rayleigh distribution, which we assume waves follow. The function of 

probability density of this statistical distribution is given by the formula explained in 

[4], [6]: 

 2( ) exp( / 2)p     .  (33) 

This is a normalized function, since the variable   is normalized with 

respect to the total spectrum energy om  [4]. We also call om  the “zero moment,” 

which is the ( )S   integration for all the frequencies of the spectrum and is equal 

to the spectrum’s total energy, as explained in [4]:  

 
0

( ) ( )om S d 


  .  (34) 

The variable   expresses the normalized wave amplitude and is given by 

the equation noted in [4]:  

 
O

om



 .  (35) 

Using the probability density function, we can derive two useful magnitudes 

related to the wave heights: the average height and the significant height. Note 

that the wave height is twice the wave amplitude
  [4]. The average wave height 

is given by the relationship, as described in [4]:  



 26 

 
1/2

0
2 ( ) 2.5( )oH Ap d m 



  .  (36) 

The significant height represents the average value of 30% of the highest 

waves and is derived by the expression, as noted in [4]:  

 1/2

1/3 4( )oH m .  (37) 

Some other significant parameters for the wave spectra description are the 

average frequency and the modal frequency. The average frequency, 
z , gives 

the number of times the wave passes from zero amplitude toward positive direction 

[4], and the modal frequency, m , represents the frequency value when wave 

spectrum reaches its maximum value [4]. Since sea spectrum is a probability 

distribution function, modal frequency represents the most possible values in the 

frequency distribution. Consequently, the average and modal periods are derived 

by the formulas, as explained in [4]: 

 
2

z

z

T



 ,  (38) 

 
2

m

m

T



 .  (39) 

By describing the wave spectra with significant heights and average 

periods, we simplify the calculations and enhance the model-predicting 

capabilities, as compared to the cases where we base the predictions on 

parameters such as wind velocity [4]. Furthermore, significant heights and average 

periods are more consistent with the empirical observations associated with those 

values. 

E. SEA SPECTRA MODELS 

To model random, wind-generated waves, we use wave spectra that are 

functions of a wave’s parameters and express the wave’s spectral energy against 

the wave’s frequency. The function parameters vary with each model’s 

assumptions and characteristics. Those parameters depend on some physical 
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magnitudes, such as the wind speed and the time during which the wind is acting 

on the sea surface [4]. Typical wave spectra of this category are discussed in the 

following subsections. 

1. Pierson-Moskowitz Spectrum Model 

A very common and useful spectrum model often used to identify spectral 

density of long-crested waves is the Pierson-Moskowitz. This is a one-parameter 

spectrum, which is appropriate to describe the wave’s energy distribution in fully 

developed seas [4]. The Pierson-Moskowitz spectrum formulation is given here, 

as described in [4], [6]:  

 

4

5
( ) exp[ ]P

K

ag g
S

V
 

 

 
   

 
,  (40) 

    ( )S  : Spectral energy in m2sec 

    38.1 10a     

    0.74P    

    g : Gravity acceleration = 9.81 m/s2  

     : Wave frequency in rad/sec 

    
KV : Wind speed in m/s 

Using the wave spectrum formula, the significant height and modal 

frequency of the Pierson-Moskowitz model are derived: 

 Significant height of the wave as explained in [4]:  

 
2

1/2

1/3 4( ) 0.2092 K
o

V
H m

g
  ,  (41) 

 Modal frequency of the spectrum as explained in [4]:   

 0.877m

K

g

V
  .  (42) 

The Pierson-Moskowitz spectrum model is more appropriate in 

oceanographic studies, which are characterized by long periods of steady winds 
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[4]. A typical diagram of this model for fully developed sea and different significant 

heights from H1/3 = 1 to 10 meters is shown in Figure 10. 

 

Figure 10. Pierson-Moskowitz Wave Spectrum (H1/3=1 to 10 m) 

2. Bretschneider Spectrum Model 

To model sea wave spectra, the Bretschneider spectrum model is used as 

well. This is a two-parameter model: the significant wave height and the modal 

frequency represent developing to decaying seas [4]. The model provides results 

that are very close to the visual observation [4]. This model is expressed by the 

formula described in [8], [9]:  
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4 1.25
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1.25
( )

4

m

mS e




 



 
  

  ,  (43) 

 ( )S  : Spectral energy in m2sec 

   : Wave frequency in rad/sec 

 m  : Modal frequency in rad/sec 

  : Significant wave height in m 
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The zero moment of the spectrum is as explained [8]:  

 

2

0
( ) ( )

4
om S d


 

  
   

 
 .  (44) 

Then, using the previous expression the significant parameters of the model 

can be defined: 

Significant height of the wave, as explained in [8]:  

 1/2

1/3 4( )oH m   ,  (45)           

Modal frequency of the spectrum, as explained in [8]:  

 0.4m

g



 .  (46)        

Experimental data have shown that the Bretschneider spectrum model 

parameters’ predictions can be related with the visual observations for the 

significant wave height H  and zero point period T  (the time between two 

consecutive zero spectra points) by the empirical relations as noted in [4], [6]: 

 0.75

1/3 1.68 uH H ,  (47) 

 
0.96

5.44
m

uT
  .  (48) 

The Bretschneider model is also appropriate for seas with changing wind 

conditions [4]. An example of the Bretschneider spectrum for fixed modal period 

and varying significant wave heights from 1 to 10 meters is provided by Figure 11. 
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Figure 11. Bretschneider Wave Spectrum (H1/3=1 to 10 m) 

3. JONSWAP Spectrum Model 

The Joint North Sea Wave Project (JONSWAP) is a two-parameter wave 

spectrum model defined by the wind speed and the fetch, and widely used in 

offshore industry [4]. It is equivalent to the Pierson-Moskowitz model for limited 

fetch wave conditions and is very effective for representing non-fully developed 

seas characterized by limited fetch waves [4]. It is developed based on data from 

the JONSWAP Observations and is capable of modeling single-peaked wave 

spectra. The formulation of JONSWAP spectrum is similar to that of Pierson-

Moskowitz, and is supplemented by the peak amplitude factor  , which is a 

function of wave frequency [9]. Therefore, the Pierson-Moskowitz spectrum model 

can be seen as a variant of the JONSWAP. With the appropriate adjustments of 

the peak factor, the JONSWAP spectrum can cover a variety of other spectra, such 

as the Bretschneider spectrum and swells. The mathematical form of the 

JONSWAP spectrum is given by the formula as described in [8]:  
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2
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p

r
 

 

 
 , (50) 

    ( )S   : Spectral energy in m2sec 

    38.1 10a     

    1.25J    

    g : Gravity acceleration = 9.81 m/s2  

     : Wave frequency in rad/sec 

    p : Peak wave frequency in rad/sec 

    3.3   (Peak factor) 

    0.07, p      

    0.09, p       

A graphical presentation of the JONSWAP spectrum for certain fetch and 

varying wind speeds from 1 to 30 meters per second is given in Figure 12. 

 

Figure 12. JONSWAP Wave Spectrum (Vk=1 to 30 m/s) 
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4. Ochi-Hubble Spectrum Model 

The Ochi-Hubble is a six-parameter spectrum derived by superimposing 

two simple three-parameter spectra, each of which is an extension of the 

Bretschneider spectrum [10]. Controlled by significant height and the modal 

frequency like the Bretschneider spectrum, the Ochi-Hubble spectrum has a third 

consideration, the shape parameter [4]. This spectrum is very useful in cases 

where the experimental data require a more accurate fitting with the spectra 

models [4]. The reason for that is that this spectrum incorporates one more 

parameter; hence, it provides more flexible description of the sea waves. More 

specifically, this spectrum is more appropriate in describing two-peaked waves and 

combined sea states that include both swell and local wind-generated waves [10]. 

By superimposing two three-parameter Ochi spectra, one for the swell and the 

other for the local wind wave, the model ends up with a combined six-parameter 

wave spectrum [10]. These characteristics enhance the model’s capability to fit 

with more complex actual wave spectra.  

The critical extra parameter of this spectrum is the shape parameter, which, 

mathematically, is controlled by the variable  .Technically, this variable 

determines the width of the spectra and usually takes values in the range of 0 to 

10 ft. (0 to 3.048 m) [10]. The larger the   parameter, the sharper the spectral 

shape and the higher the peak. The formulation of this spectra is as described in 

[9], [10]:  
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 ( )S  : Spectral energy in m2sec 

  : Wave frequency in rad/sec 

 m : Modal frequency in rad/sec 

     : Significant wave height in m 

  : Shape parameter 
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    ( ) : Gamma probability function 

An example of the six-parameter Ochi-Hubble wave spectra for certain 

significant wave height, modal frequency, and varying shape parameters from 0 to 

1 ft. is given in Figure 13.  

 

Figure 13. Ochi-Hubble Wave Spectrum (λ = 0 to 1 ft) 

F. SHIP MOTION IN SEAWAY 

After selecting the model for the seaway spectrum, we can proceed to the 

identification of the ship’s motion spectrum. Ship motion occurs in response to the 

wave motion. Statistical properties of ship response spectra are the same as those 

of the wave spectra, so once we determine wave spectrum we can determine the 

ship response spectrum [4]. More specifically, the ship response spectrum ( )RS   

corresponds to the seaway spectrum ( )S   by the square of RAO, which is a 

function of frequency ω, as described in [4]:  

 
2( ) | ( ) | ( )RS RAO S   .  (52) 
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The function 2| ( ) |RAO  , or transfer function, facilitates the translation from 

the seaway spectrum to the ship response spectrum and yields quite accurate 

results for both regular and irregular waves [4].  

G. SHIP DESIGNING FOR SEAKEEPING  

Ship designing and selection of stability criteria have to take into 

consideration seakeeping behavior. These seakeeping considerations are divided 

into three main domains: habitability, operability, and survivability [4]. Habitability 

ensures proper seakeeping conditions for the crew in order to avoid the reduction 

of its performance onboard; operability is the ability of the system ship-crew to 

perform its designated mission under a certain environment; and survivability is 

the ability of the ship to withstand an environment of extreme conditions [4]. All 

those domains are highly affected by seakeeping parameters such as the values 

of ship displacement, velocities, and accelerations in the six degrees of motion 

mentioned earlier. 

Thus, to determine the dynamic stability criteria for a ship, we first need to 

identify its operational environment, which is described by the sea spectrum. 

According to the previous analysis, we only need to select the significant height of 

the waves and the modal period. Then, it is necessary to establish the operational 

seakeeping requirements that maximize the ship’s operability in the particular 

mission. After that, we set limiting values for the seakeeping parameters so that 

the seakeeping requirements can be satisfied. For example, we set limiting values 

for the roll and pitch in terms of maximum values.  

The next step is to produce diagrams that describe the ship’s seakeeping 

performance in terms of parameter values, such as roll angle versus heading 

angles. Finally, once we have set our acceptable parameters’ values, we can 

evaluate the seakeeping performance and determine the ship’s operational limits.  
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IV. STANDARD SHIP MOTION PROGRAM  

A. INTRODUCTION 

The Standard Ship Motion Program (SMP) provides simulations and 

predictions of a ship’s motions in terms of displacement, velocity, and acceleration 

when the ship is subjected to a modeled sea environment. This environment is 

described by seaway parameters that are incorporated in the program. The 

program is capable of providing ship’s motion results for both regular and irregular 

sea waves by utilizing the appropriate wave spectra [11]. Aside from the ship’s 

absolute body motions, this program yields relative motion results for certain 

locations of the ship, as well as the generated bending moments in those locations 

[11]. All these results can be obtained for a ship’s various speed and heading 

values. 

B. CAPABILITIES 

More specifically, as described in Ship Motions Program [7] and SMP95: 

Standard Ship Motions Program User Manual [11], the program is capable of 

delivering results as follows: 

 Rigid body motions: These are the motion responses of the ship in terms 

of displacement, velocity, and acceleration for the six degrees of 

freedom. 

 Motions at a point: These are the motion responses at specific points of 

the ship in terms of displacement, velocity, and acceleration in the 

longitudinal, transverse, and vertical directions. 

 Relative motions at a point: These include the motion responses at 

specific points of the ship in terms of displacement, velocity, and 

acceleration in the longitudinal, transverse, and vertical directions. 

These motion responses are relative to certain ship locations. 

 Structural loads: These are the vertical bending moments in every ship 

station due to the wave-exciting forces. 
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 Rigid body Slamming Motions: Probability and frequency of slamming 

and submerging at the points where relative motions are determined. 

C. ASSUMPTIONS 

To generate the ship’s motion responses, the program incorporates 

assumptions associated with ship geometry, sea state conditions, and ship stability 

parameters. Once a ship hull model is imported in terms of offset coordinates, the 

program uses interpolation to create a smoother fit to offset points [7]. The 

coordinate system origin is located at the point of intersection between the base 

line (BL), forward perpendicular, and center line (CL) [7]. The X axis coordinate is 

then measured as positive from the forward to the afterward perpendicular [7]. 

Therefore, the ship stations are measured by assigning the number 0 to the 

forward perpendicular station and the number 20 to the afterward perpendicular 

station [7]. The Y axis is measured from the CL with positive values to the port [7]. 

The Z axis is measured from the BL with positive Z upwards [7]. Additionally, the 

program assumes hull symmetry at the center line [7]. The program also uses 

default values for water mass density (1,025.820 kg/m3), acceleration of gravity 

(9.806 m/s2), and kinematic viscosity (1.19E-06 m2/s2) [7].  

Program outputs have by default certain conventional sea headings. The 

SMP considers 0 degrees as head seas, 90 degrees as starboard seas, and 180 

degrees as following seas [7]. By default, the program uses the two parameters of 

the Bretschneider sea spectrum model, but JONSWAP and Ochi-Hubble spectra 

are also available. For POSSE imported files, the program initially sets the ship 

drafts equal to the half depth [7]. Based on the imported ship model, SMP 

calculates its own GM value [7]; if this value is negative, the program crashes [7]. 

To avoid this inconvenience, the we must select the option “adjust KG at runtime 

to make SMP GM=GMt” in advance [7]. The SMP treats weights as lumped 

weights applied on each ship station in order to have the same loading condition 

as the POSSE program [7]. Consequently, the SMP treats the KG as the vertical 

position of the center of the entire ship lumped weight [7].  
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D. STRUCTURE 

The SMP consists of two distinct processes: the pre-processor part, which 

accepts the input values, and the post-processor part, which provides the program 

outputs. The SMP contains two subprograms: the SMP Regular Waves 

(SMPRGW), which executes the regular wave computations, and the SMP 

Irregular Waves (SMPIRGW), which performs the irregular wave calculations [11]. 

The SMP models sea waves by incorporating the default two-parameter 

Bretschneider spectrum, the three-parameter JONSWAP spectrum, and the six-

parameter Ochi-Hubble spectrum. The program uses the parameters of significant 

wave height and modal period in order to define the spectra outputs. All these 

spectra can be used to provide results for both long- and short-crested irregular 

seas.  

Based on the selected sea wave spectrum, the program generates the RAO 

and the Transfer Functions (TF). These are all statistical values and are derived 

by the Rayleigh probability distribution, which the program incorporates [7]. Then, 

once these statistical values are derived by the selected spectra models, they are 

applicable for the SMP to generate all of a ship’s response RAOs. Vertical ship 

response RAOs—such as heave, surge, and pitch—are linear and independent of 

the sea state [11]. Lateral ship response RAOs—such as sway, roll and yaw—are 

non-linear and dependent on the sea state [11]. The basic high-level equation that 

describes what the SMP executes in order to predict the ship motions is as 

described in [7]: 

(Sea Spectra) x (Transfer Function) = (Ship Response Spectra).  (53) 

Schematically, the corresponding logical sequence of these SMP steps is 

shown in Figure 14. 
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Figure 14. SMP Ship’s Responses Calculator 

E. INPUTS 

Residing in the pre-processor part of the SMP, the program inputs are 

categorized into eight major data divisions: the general, hull form, appendages, 

loading, sea state, responses, motion points, and relative points. Those data 

divisions are shown in Figure 15. 

 

Figure 15. SMP Data Input Modules 
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In the general data, we can primarily select ship speeds. Multiple speeds 

can be input and separated by commas. In the hull data, the program accepts the 

loading of an imported POSSE ship file. This file contains ship hull offsets and, 

once the loading is completed, the SMP defines the hull geometry. Certain values 

of this geometry, such as Length, Beam, and Depth, cannot be changed [7]. In the 

appendages data inputs, a variety of additions like rudders, stability fins, 

propellers, sonar domes, and others can be modeled and imported into the ship’s 

hull [7]. In the loading data, the SMP defines the current loading conditions of the 

ship and provides the parameters for the selection of different loading cases.  

The SMP defines its own GM for the calculations and takes into account the 

free surface correction [7]. To ensure that the GM calculated by the SMP is greater 

than 0 and also the same as the one from the POSSE model, we should select the 

option “adjust KG at runtime to make SMP GM=GMt” during the input process [7]. 

In the sea state input section, the program offers the selection of the wave 

spectrum and the parameters of significant wave height and modal wave period 

associated with each selected spectrum. We can set multiple modal period values 

for each specific, significant height. In the responses module, the program requires 

us to select the statistic for the SMP response output. In the motion points division, 

we define the points for the motion outputs, such as displacement or velocity, at a 

specific point. In the relative points division, the program permits the determination 

of the points for the relative motion output such as the slamming of the bow. 

F. OUTPUTS 

The SMP produces a large number of output files, as well as visualized ship 

motion results [11]. These results, located in the post-processing part of the SMP, 

are divided into five modules: motion transfer function, load transfer function, 

events, responses, and load extreme, as shown in Figure 16. 
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Figure 16. SMP Output Modules 

The Motion-TF tab provides the transfer function for the six degrees of 

motion in terms of displacement, velocity, and acceleration [7]. These results are 

generated from the RAO output file that the SMP produces [7]. We can obtain 

these transfer functions for different ship speeds and headings. The Load-TF tab 

provides the load RAO results, which are generated in the SMP output file and 

give the loading conditions in every ship station as a result of the application of the 

selected wave spectra [7]. The Events module tab provides the probability of 

slamming or submerging of the ship in certain sea state conditions [7]. The 

Responses tab provides the ship body responses spectra against ship headings 

for the six degrees of freedom. These responses are obtained in terms of 

displacement, velocity, and acceleration, and for certain values of significant wave 

height, modal period, and wave type (long- or short-crested). The SMP permits the 

observation of ship responses for different ship speeds. The Load Extreme module 

tab yields the maximum vertical bending moments for each station of the ship, due 

to wave loading in graphical and tabular form. These loads are dependent on the 

parameters of significant wave height and ship time exposure in the wave [7]. The 

SMP also provides the POSSE equivalent static wave height, which generates the 
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same loading results [7]. These bending moment results can be observed for 

different values of ship speed and headings. 

G. POSSE INTEGRATION 

1. Capabilities 

Incorporating SMP, a Towing analysis program (Tow), and a Rapid analysis 

program (Rapid), POSSE software provides support for salvage response 

engineers planning free-floating or stranded ship operations [12]. Based on offsets 

as its main input, POSSE software predicts intact and salvage ships’ static stability 

strengths [12]. The program creates and utilizes the ship model as defined by the 

hull and compartments, including stations and tanks. It uses the same assumptions 

as the SMP [12]. POSSE capabilities include performing structural calculations and 

outflow analyses of flooding, stranding, tide cycles, dry-dock, and heavy lifts [12]. 

These capabilities are used for determination of the ship’s post-damage structural 

properties, evaluation of the ship’s ultimate strength and static stability, and 

deriving the ship’s standing, dry-dock, ballasting, and heavy lift plans.  

2. Static Stability 

The POSSE program allows changing the ship’s loading conditions by 

providing the options of weight additions and adjustments of various tank 

capacities.2 This capability facilitates analyses of multiple operational scenarios 

and loading cases, as well as evaluation of the ship’s associated static stability. 

In order to evaluate the ship’s static stability, the program calculates the 

righting arm (GZ ) curves corresponding to various loading conditions. After 

performing the required adjustments for added weight and free-surface effects, the 

program develops the GZ  curve against ship’s rolling angle  ; this curve 

corresponds to each particular ship’s displacement. If the program embeds certain 

                                            
2 E.g., oil, fuel, water, and ballast water 
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GZ criteria,3 it compares them to the resulting GZ  curves and provides individual 

assessment for static stability of the ship in terms “pass” or “fail.” 

3. Integration 

The SMP is integrated with the POSSE and, once the pre-processing SMP 

runs the POSSE-modeled input ship file, the POSSE provides the static stability 

results for the particular ship. Meanwhile the post-processing part of the SMP 

provides the dynamic stability results. Ship loading conditions could be modified in 

the POSSE and the resulting modeled ship file can then be imported to the SMP 

for obtaining the dynamic stability corresponding to the changed loading 

conditions. 

 

 

                                            
3 These criteria include wind action and rolling, lifting heavy weights over the side, crowding 

of passengers to one side, high speed turning, and topside icing. 
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V. SIMULATION RESULTS 

A. LOADING CASES 

We decided to conduct stability simulations for three significant loading 

cases, which corresponded to some of the most common operational conditions 

of the LCU. Based on the LCU’s displacement, these cases are the lightship, 

lightship carrying half the cargo deadweight, and lightship carrying a full cargo 

deadweight load. 

1. Lightship  

In this case, we modeled the craft in order to simulate the lightship’s 

displacement, which includes diesel oil, fresh water, ballast water, and the 16-

member crew. To create this condition, we loaded the craft model into the POSSE 

software.4 We made the general assumption of loading the ship’s tanks to about 

85% of their maximum capacities, which is a realistic representation of the LCU’s 

typical operational conditions. Located on each side about mid-ship in the 

longitudinal direction, the LCU has two diesel oil tanks with capacities of 7 (port) 

and 8 (starboard) metric tons (MT). To ensure the ship’s heeling angle is closer to 

0 degrees, we loaded the port diesel tank to 70% of capacity, and the starboard 

diesel tank to 100% of capacity. The diesel oil tank loading condition is presented 

in Figure 17. 

 

                                            
4 This model includes only the hull geometry of the ship; therefore, the additional loads have 

to be imported manually. 
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Figure 17. LCU Diesel Oil Tanks Loading Condition 

The LCU has one fresh water tank located at mid-ship and at centerline, 

with a capacity of 19 MT. We loaded this tank to 85% of maximum capacity, which 

equals 16 MT. This loading condition appears in Figure 18. 

 

Figure 18. LCU Fresh Water Tank Loading Condition 
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The LCU has four ballast tanks. Three of them are located close to the ship’s 

bow: one each on the port and on the starboard side with individual capacities of 

13 MT, and one at mid-ship with a capacity of 14 MT. The fourth tank is located 

near the stern and the ship’s center line with a capacity of 10 MT. To compensate 

for the ship’s heeling angle, we only loaded the forward port ballast tank to 85% of 

its maximum capacity (11 MT). The ballast tank loading condition is shown in 

Figure 19. 

 

Figure 19. LCU Ballast Tanks Loading Condition 

The LCU operates with a 16-member crew. Under the assumption that each 

individual weighs about 75 kg, the total added weight was 1.2 MT. POSSE treated 

this load as lumped load and allowed the user to decide its location. We made 

assumptions about the crew lumped load location in terms of LCGW, TCGW, and 

VCGW. We chose to locate the crew lumped load 20.422 m after forward 

perpendicular (LCGW) and 3 m to port with respect to the center line (TCGW). 

Making the assumption that the center of gravity for the group of crew members 

stands 1.2 m above the ground and knowing the distance between ship’s keel and 

deck to be 2.44 m, we selected the vertical location of the crew load to be 3.64 m 
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with respect to ship’s base line (VCGW). The crew load condition is shown in Figure 

20. 

 

Figure 20. Crew Loading Condition 

The lightship loading case resulted in the following ship’s stability 

characteristics: 

- Total ship’s Displacement ( ): 257 MT 

- Forward Draft (FP) : 1.193 m  

- Afterward Draft (AP): 1.078 m 

- Mid-ship Draft (MS): 1.136 m 

- Trim: 0.115 m forward 

- GMt: 5.423 m 

- VCG: 1.639 m 

- LCG: 22.654 m afterward from forward perpendicular  

- TCG: 0.028 m starboard from center line  

- LCF: 23.645 m afterward from forward perpendicular 

- LCB: 22.948 m afterward from forward perpendicular 

- Heeling Angle (θ) : 0.31 degrees to starboard 
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2. LCU Carrying Half Cargo Deadweight Load  

The next relevant loading case is the LCU carrying half the cargo 

deadweight load. The cargo load is modeled as a geometric volume that has a 

length of approximately 10 m, a width of 3.5 m, a height of 2.5 m, and a weight of 

57.15 MT. We assume that the center of gravity of this volume is located in the 

middle of the length and width, and at one-third of its height (0.813 m). We put the 

representative volume 25 m after forward perpendicular (LCGW=25 m), 3.25 m 

above ship’s base line (VCGW), and at the ship’s center line (TCGW = 0 m). The 

half cargo deadweight loading case is then the lightship case with the added 

lumped mass at the location described previously. This loading case is shown in 

Figure 21. 

 

Figure 21. Lightship with Half Cargo Deadweight Loading 
Condition 
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The Lightship with half cargo deadweight loading case results in the 

following ship’s stability characteristics: 

-  : 314 MT 

- FP: 1.314 m  

- AP: 1.325 m 

- MS: 1.320 m 

- Trim: 0.011 m afterward 

- GMt: 4.124 m 

- VCG: 1.933 m 

- LCG: 23.081 m afterward from forward perpendicular  

- TCG: 0.023 m starboard from center line  

- LCF: 23.399 m afterward from forward perpendicular 

- LCB: 23.056 m afterward from forward perpendicular 

- θ: 0.32 degrees to the starboard 

3. LCU Carrying Full Cargo Deadweight Load  

The third loading case examined in this study is the LCU carrying a full cargo 

deadweight load. According to the dimensions, weight, and the assumption 

referred to previously used regarding typical equipment transported aboard the 

LCU, we selected to arrange both cargo volumes one behind the other on the 

ship’s center line. The front lumped weight is located 17 m after ship’s forward 

perpendicular (LCGW) and at the center line (TCGW = 0 m), while the second is 

positioned further behind, having its lumped weight 32 m after forward 

perpendicular and at the center line (TCGW = 0 m). Both of these representative 

masses’ centers of gravity are located 3.25 m above the ship’s baseline (VCGW). 

This loading case is presented in Figure 22.  
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Figure 22. Lightship with Full Cargo Deadweight Loading 
Condition 

The full cargo deadweight loading case results in the following ship’s 

stability characteristics: 

-  : 371 MT 

- FP: 1.474 m  

- AP: 1.541 m 

- MS: 1.507 m 

- Trim: 0.067 m afterward 

- GMt: 3.252 m 

- VCG: 2.136 m 

- LCG: 23.223 m afterward from forward perpendicular  

- TCG: 0.020 m starboard from center line  

- LCF: 23.192 m afterward from forward perpendicular 

- LCB: 23.093 m afterward from forward perpendicular 

- θ: 0.35 degrees to starboard 

 



 50 

B. STATIC STABILITY RESULTS 

1. Boundary Conditions 

The study of the LCU’s static stability focuses on the ship’s wind-rolling 

stability because it is the most important aspect of stability for the coastal missions 

the LCU performs. Wind-rolling stability is based on the resulting rolling angles of 

the ship when it is subjected to wind forces, as described in detail in the following 

subsection, “Lightship Wind-Rolling Stability.” To model the wind-rolling stability, we 

imported the appropriate ship file into the POSSE software. We further imported the 

particular loading case of the ship and derived the ship’s GZ curve. Then, we 

compared this curve to the specific wind-stability criterion for wind rolling. For that 

case, we selected the U.S. Navy wind-rolling criterion, which is incorporated in the 

software. This criterion is the same as that described in chapter II, and hence 

requires the satisfaction of the same relationships in terms of heeling arm and 

reserve area. However, the criterion needs tailoring in order to correspond to the 

desirable sea state condition we need to obtain the results. These adjustments take 

place in terms of the wind velocity, which is the main parameter in the software 

options. For this case, we selected to study LCU wind-rolling stability for the sea 

states 2, 4, and 6. These sea state conditions correspond to wind velocities of 4.37, 

9.77, and 19.29 meters per second (m/s) as shown in Table 1. 

Table1. Wind Velocity and Significant Wave Height for Sea States 2, 
4, and 6. Adapted from [9]. 

Sea State 2 4 6 

Wind Velocity (m/s) 4.37   

 (8.49 Knots) 

9.77    

(18.99 Knots) 

19.29    

(37.49 Knots) 

Significant Wave 

Height (H1/3) (m) 

 

0.3 

 

1.875 

 

5 

 

After changing the wind-rolling stability criterion in POSSE, we ran the 

software for all the loading conditions (lightship, lightship carrying half the cargo 

deadweight, and lightship carrying a full cargo deadweight load.) and all of the 
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aforementioned sea states, which represent the most appropriate trade space for 

the LCU coastal transits. To obtain precise results, we modified the ship’s wind 

projected area by making assumptions on its profile surface. We created this 

profile area in the POSSE software, taking into account the real ship drawings and, 

especially, the worst case scenario with the maximum projected area. The ship’s 

wind profile, which was used for the calculations, is shown in Figure 23. As we can 

observe the total projected area is 1,624.98 ft2 (150.97 m2).  

 

Figure 23. LCU Wind Profile 

The selected boundary values for each main parameter, which define the 

LCU static stability trade space, are summarized in Table 2. 

Table 2. LCU Static Stability Parameters’ Boundary Values 

Loading condition Sea State 

Lightship 2 

Half Cargo Deadweight 4 

Full Cargo Deadweight 6 

 



 52 

2. Lightship Wind-Rolling Stability 

After the software run, we obtained the simulation results for the lightship 

loading case. The wind-rolling GZ curve for sea state 2 is shown in Figure 24. The 

LCU meets both the criteria for the righting arm and the reserve area. 

 

Figure 24. Wind-Rolling Stability for LCU Lightship in Sea State 2 

The wind-rolling GZ curve for sea state 4 is presented in Figure 25. The 

LCU meets the wind-rolling criteria for this case. 
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Figure 25. Wind-Rolling Stability for LCU Lightship in Sea State 4 

The wind-rolling GZ curve results for sea state 6 are provided in Figure 26, 

which shows that the wind-rolling criteria are satisfied for that case. 

 

Figure 26. Wind-Rolling Stability for LCU Lightship in Sea State 6 
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3. LCU with Half Cargo Deadweight Wind-Rolling Stability 

For the loading case of half the cargo deadweight, POSSE results show the 

LCU passes the wind-rolling criterion for all the sea state conditions. The LCU’s 

performance in sea state 2 is shown in Figure 27. 

 

Figure 27. Wind-Rolling Stability for LCU Carrying Half Cargo 
Deadweight in Sea State 2 

Similarly, the wind-rolling criteria results for sea state 4 is presented in 

Figure 28. 
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Figure 28. Wind-Rolling Stability for LCU Carrying Half Cargo 
Deadweight in Sea State 4 

Additionally, the LCU with half the cargo deadweight loading case satisfies 

the wind-rolling criteria for sea state 6, as Figure 29 indicates. 

 

Figure 29. Wind-Rolling Stability for LCU Carrying Half Cargo 
Deadweight in Sea State 6 
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4. LCU with Full Cargo Deadweight Wind-Rolling Stability 

The third case examines the LCU’s static stability for the full cargo 

deadweight loading case. This case is studied for the same sea state conditions 

2, 4, and 6. The derived results for sea state 2 show that the LCU’s static stability 

is adequate in terms of wind-rolling criterion. The results are shown in Figure 30.  

 

Figure 30. Wind-Rolling Stability for LCU Carrying Full Cargo 
Deadweight in Sea State 2 

The LCU with full cargo deadweight loading case also satisfies the wind-

rolling criterion for sea state 4, as displayed in Figure 31. 
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Figure 31. Wind-Rolling Stability for LCU Carrying Full Cargo 
Deadweight in Sea State 4 

In sea state 6, the LCU with full cargo deadweight loading case 

demonstrates adequate wind-rolling stability, as provided by Figure 32. 

 

Figure 32. Wind-Rolling Stability for LCU Carrying Full Cargo 
Deadweight in Sea State 6 
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5. Analytical Determination of Static Stability Equilibrium  

Given the POSSE wind-rolling static stability outcomes for all the LCU 

loading cases in the selected sea states, we also applied an analytic method in 

order to verify the static stability equilibrium results. This method is based on the 

equation that provides the wind-generated heeling arm as a function of wind 

speed, the ship’s projected area, the distance between the centroids of the ship’s 

projected area and underwater hull profile, the ship’s displacement, and the 

heeling angle. The mathematical expression of this equation is as described in 

[13]:  

 
2 20.0171 cos

1000

kV Al
WHA





 (54) 

WHA : Heeling arm in m 

kV : Wind velocity in knots 

A : Ship’s projected area above water line m2 

l : Distance from the centroid of ship’s projected area and the centroid of  

  the underwater hull profile in m     

 : Heeling angle in degrees (o) 

 : Ship’s displacement in MT 

In the wind-rolling static stability equilibrium, the wind-generated heeling 

arm WHA  is equal to the ship-developed righting arm GZ . For low values of 

heeling angle, an approximation of the ship’s righting arm is provided by the 

equation as explained in [13]:   

      ( ) sintGZ GM  ,                            (55) 

where tGM  is the ship’s metacentric height corresponding to its loading condition. 

By combining Equations (55) and (56), we can determine the equilibrium 

heeling angle for any combination of values between metacentric height GM  and 

wind velocity. Likewise, we can define the equilibrium metacentric height for any 

combination of heeling angles and wind velocities. We developed a MATLAB code 

to identify the areas of values where the equilibrium heeling angle sits. We chose 
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the intervals of the critical parameters to represent both the selected operation 

environment in terms of wind velocity and the POSSE outcomes in terms of 

generated metacentric heights. More specifically, we selected the wind velocity to 

vary from 0 to 60 knots and the ship’s metacentric height to vary from 1 to 6 meters.  

We developed diagrams that show the static stability reaches an equilibrium 

state with the combinations of values of wind velocity, metacentric height, and 

heeling angle. We conducted the analysis by creating two equilibrium diagrams for 

each loading condition; those diagrams include all the cases of operational trade 

space of the LCU referred to in Table 1. The diagrams show that, in all cases, the 

results derived by POSSE are consistent with those obtained by the analytical 

method. In this particular trade space, the heeling angle took values within the 

interval of 0.2 to 0.5 degrees, which verifies the validity of the POSSE calculations. 

The two different ways to display these results for each LCU loading case are 

provided by Figures 33 to 38.  

 

Figure 33. Heeling Angle versus Wind Speed Wind-Rolling Static 
Stability Equilibrium Curves for LCU Lightship 
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Figure 34. Metacentric Height versus Wind Speed Wind-Rolling 
Static Stability Equilibrium Curves for LCU Lightship  

 

Figure 35. Heeling Angle versus Wind Speed Wind-Rolling Static 
Stability Equilibrium Curves for LCU Carrying Half Cargo 

Deadweight  
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Figure 36. Metacentric Height versus Wind Speed Wind-Rolling 
Static Stability Equilibrium Curves for LCU Carrying Half Cargo 

Deadweight 

 

Figure 37. Heeling Angle versus Wind Speed Wind-Rolling Static 
Stability Equilibrium Curves for LCU Carrying Full Cargo 

Deadweight  
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Figure 38. Metacentric Height versus Wind Speed Wind-Rolling 
Static Stability Equilibrium Curves for LCU Carrying Full Cargo 

Deadweight  

The heeling angle values at the wind-rolling static stability equilibrium for 

the various loading cases and sea state conditions are summarized in Table 3. 

Table 3. Wind-Rolling Static Stability Equilibrium Heeling Angles 

Wind-Rolling Static Stability Equilibrium 

Loading Case Sea State 

Heeling Angle (Degrees) 

POSSE 
Results 

Analytical 
Determination 

Results 

Lightship 

2 0.31 0.22 

4 0.35 0.31 

6 0.48 0.43 

Lightship with Half 
Cargo Deadweight 

2 0.33 0.24 

4 0.37 0.36 

6 0.50 0.47 

Lightship with Full 
Cargo Deadweight 

2 0.36 0.30 

4 0.39 0.37 

6 0.52 0.49 
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C. DYNAMIC STABILITY RESULTS 

1. Boundary Conditions 

Because the LCU satisfies the most significant static stability criterion, study 

of its stability should extend into investigating this craft’s dynamic stability. As 

discussed in detail in Chapter III, dynamic stability is based on the ship’s body 

responses to the six degrees of freedom when subjected to the random waves’ 

exciting forces. Those responses are derived from the SMP in terms of 

displacement, velocity, and acceleration of all the degrees of freedom of ship 

motions. To obtain these responses, we imported the LCU model into the SMP. 

Maintaining the consistency with the previous calculations, we also imported the 

three examined loading cases: the LCU lightship, LCU lightship carrying half the 

cargo deadweight, LCU lightship carrying a full cargo deadweight. Additionally, we 

selected the appropriate wave spectra in order to model the sea wave conditions. 

Available SMP wave spectra are the Bretschneider, the JONSWAP, and the Ochi-

Hubble models.  

For our case of a short coastal mission, the most appropriate wave 

spectrum is the six-parameter Ochi-Hubble model, which provides the most 

probable ship responses. To conduct a more global study of LCU dynamic stability, 

we also used the Bretschneider wave spectrum model. We did not use the 

JONSWAP spectrum because it has many similarities to the Bretschneider model 

and is more appropriate for open seas. The Ochi-Hubble spectrum model has, by 

default, a single modal period of 1.14 sec. The Bretschneider spectrum model has, 

by default, five values of modal periods Tm (7, 9, 11, 13, 15 sec). We conducted 

the basic analysis using the default Ochi-Hubble, and the moderate Bretschneider 

case, in which the modal period equals 11 sec. We also conducted an analysis for 

the extreme modal period values of 7 and 15 sec.5  

The trade space of the dynamic stability study is the same as that for static 

stability; therefore, we examined the LCU responses for the sea states 2, 4, and 

                                            
5 Results are provided in the appendix. 
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6. These sea states are modeled in the SMP by selecting the significant wave 

height of the wave spectrum that corresponds to each sea state. According to 

Table 1, the significant wave heights for the sea states 2, 4, and 6 are 0.3, 1.875, 

and 5 m, respectively. We also decided to conduct an analysis for the most critical 

values of the LCU’s operational speed range; for this we picked the values 0, 2, 4, 

and 6 m/s. We conducted the analysis using the short-wave spectra variation due 

to the fact that, for coastal waters, the seaway is more realistically modeled using 

the short-crested waves. The selected boundary values for each main parameter, 

which define the LCU’s dynamic stability trade space, are summarized in Table 4. 

Table 4. LCU Dynamic Stability Parameters’ Boundary Values 

Loading 
Condition 

Sea 
State 

Ship 
Speed 
(m/s) 

Wave 
Type 

Wave 
Spectrum 

Bretschneider 
Spectrum 

Modal Period 
Tm (sec) 

Lightship 2 
0 

Short-
Crested 

Ochi-Hubble 
7 

2 Lightship with 
Half Cargo 
Deadweight 

4 11 

Bretschneider 
4 

Lightship with 
Full Cargo 

Deadweight 
6 15 

6 

 

2. Dynamic Stability—LCU Lightship 

We focused on studying the LCU’s roll angles because our objective was to 

evaluate the intact dynamic stability of the LCU from all the SMP-derived 

responses for the ship. The SMP provides the ship’s roll angles against the sea 

heading, calculating the rolling angle for every 15 degrees of increment in heading 

angle within the range of 0 to 360 degrees.  
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The results we obtained showed symmetrical heeling angle values between 

the heading ranges of 0 to 180 degrees and 180 to 360 degrees. Therefore, we 

present the plots heeling angle versus heading angle for the heading range of 0 to 

180 degrees. The resulting conclusions derived for the plots are valid for the 

heading ranges 180 to 360 degrees. For example, if the LCU demonstrates 

maximum heeling angle at sea headings of 90 or 120 degrees, that means it 

undergoes the same heeling inclination at (360–90) 270 or (360–120) 240 

degrees, respectively, and so forth.  

By applying all the boundary conditions described previously, we derived 

the LCU roll angle responses for the Ochi-Hubble wave spectrum shown in Table 

5. The plots of the ship’s heeling angle against sea heading (provided in Figure 

39) describe roll angle responses for all the combinations of sea states and ship’s 

speeds. 

Table 5. Roll Angle Responses in Ochi-Hubble Short-Crested Sea 
Waves for LCU Lightship 

Sea 
Heading 

(Degrees) 

LCU Heeling Angle (Degrees) 

Sea State 2 Sea State 4 Sea State 6 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

0 0.34 0.44 0.58 0.66 1.96 2.54 3.33 3.85 4.51 5.76 7.52 8.81 

15 0.40 0.51 0.64 0.72 2.32 2.90 3.66 4.18 5.31 6.55 8.24 9.52 

30 0.54 0.64 0.77 0.85 3.10 3.67 4.38 4.90 7.03 8.24 9.81 11.06 

45 0.69 0.78 0.89 0.97 3.92 4.44 5.10 5.59 8.82 9.93 11.37 12.56 

60 0.81 0.89 0.98 1.06 4.59 5.03 5.59 6.05 10.26 11.20 12.46 13.56 

75 0.89 0.94 1.02 1.08 5.03 5.34 5.79 6.18 11.19 11.89 12.90 13.83 

90 0.91 0.94 0.99 1.04 5.18 5.35 5.65 5.95 11.52 11.92 12.61 13.33 

105 0.89 0.89 0.91 0.94 5.03 5.04 5.19 5.38 11.21 11.28 11.63 12.09 

120 0.81 0.78 0.78 0.79 4.60 4.46 4.45 4.53 10.29 10.03 10.03 10.24 

135 0.69 0.64 0.61 0.61 3.93 3.65 3.52 3.51 8.85 8.30 8.00 7.97 

150 0.55 0.48 0.44 0.42 3.12 2.75 2.53 2.44 7.07 6.30 5.81 5.61 

165 0.41 0.33 0.29 0.27 2.34 1.93 1.68 1.57 5.36 4.47 3.92 3.66 

180 0.34 0.27 0.22 0.20 1.98 1.55 1.31 1.20 4.57 3.64 3.10 2.85 
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Figure 39. Heeling Angle versus Sea Heading in Ochi-Hubble 
Short-Crested Waves for LCU Lightship 

Additionally, the LCU lightship’s dynamic stability is examined using the 

Bretschneider short-crested wave spectrum with a modal period of 11 sec. The 

values of the roll angles against sea heading are shown in Table 6, while the plots 

of the heeling angles versus the sea heading are presented in Figure 40. 
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Table 6. Roll Angle Responses in Bretschneider (Tm = 11 sec) Short-
Crested Sea Waves for LCU Lightship 

Sea 
Heading 

(Degrees) 

LCU Heeling Angle (Degrees) 

Sea State 2 Sea State 4 Sea State 6 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

0 0.25 0.31 0.40 0.47 1.55 1.92 2.47 2.96 4.13 5.11 6.57 7.87 

15 0.29 0.34 0.43 0.51 1.78 2.15 2.68 3.17 4.74 5.72 7.13 8.41 

30 0.37 0.43 0.51 0.58 2.30 2.66 3.16 3.62 6.11 7.06 8.37 9.59 

45 0.46 0.51 0.58 0.65 2.86 3.19 3.64 4.07 7.56 8.43 9.63 10.78 

60 0.53 0.58 0.64 0.70 3.32 3.60 3.98 4.37 8.76 9.49 10.53 11.56 

75 0.58 0.61 0.66 0.71 3.63 3.82 4.12 4.44 9.53 10.06 10.89 11.75 

90 0.60 0.61 0.65 0.68 3.73 3.83 4.03 4.27 9.80 10.09 10.65 11.30 

105 0.58 0.58 0.60 0.62 3.63 3.63 3.71 3.86 9.54 9.57 9.83 10.25 

120 0.53 0.52 0.52 0.52 3.33 3.23 3.21 3.27 8.78 8.54 8.53 8.70 

135 0.46 0.43 0.41 0.41 2.87 2.69 2.59 2.57 7.58 7.13 6.88 6.84 

150 0.37 0.33 0.31 0.30 2.31 2.08 1.93 1.86 6.13 5.52 5.13 4.96 

165 0.29 0.25 0.22 0.21 1.80 1.54 1.37 1.30 4.78 4.09 3.66 3.45 

180 0.25 0.21 0.18 0.17 1.56 1.30 1.14 1.07 4.17 3.47 3.05 2.85 

 

Figure 40. Heeling Angle versus Sea Heading in Bretschneider 
(Tm = 11 sec) Short-Crested Waves for LCU Lightship 
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3. Dynamic Stability—LCU with Half Cargo Deadweight  

As described previously, the LCU roll angle responses for the loading case 

in which the ship carries half the maximum cargo deadweight are derived by 

importing this loading condition into SMP and setting the parameters of sea state, 

ship speed, and wave spectrum. Likewise, these responses are generated by both 

the Ochi-Hubble and the Bretschneider wave spectra models. Table 7 provides the 

LCU ship’s heeling angles for all the combinations of sea states and wave speeds, 

while Figure 41 presents the plots of the ship’s heeling angles versus the sea 

heading for the Ochi-Hubble wave spectrum.  

Table 7. Roll Angle Responses in Ochi-Hubble Short-Crested Sea 
Waves for LCU Carrying Half Cargo Deadweight 

Sea 
Heading 

(Degrees) 

LCU Heeling Angle (Degrees) 

Sea State 2 Sea State 4 Sea State 6 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

0 0.40 0.57 0.74 0.84 2.28 3.23 4.29 4.93 5.16 7.14 9.54 11.20 

15 0.49 0.65 0.82 0.92 2.77 3.68 4.71 5.34 6.18 8.09 10.40 12.04 

30 0.67 0.83 0.99 1.08 3.77 4.65 5.62 6.23 8.25 10.04 12.24 13.86 

45 0.86 1.00 1.15 1.24 4.80 5.60 6.49 7.09 10.28 11.95 14.02 15.62 

60 1.01 1.13 1.26 1.34 5.62 6.29 7.08 7.63 11.89 13.35 15.23 16.73 

75 1.11 1.20 1.30 1.36 6.15 6.64 7.28 7.75 12.90 14.06 15.66 16.96 

90 1.15 1.19 1.26 1.31 6.33 6.62 7.07 7.42 13.25 14.03 15.23 16.26 

105 1.12 1.12 1.15 1.17 6.15 6.22 6.45 6.67 12.91 13.26 13.99 14.66 

120 1.02 0.98 0.97 0.98 5.64 5.47 5.48 5.57 11.91 11.79 12.00 12.31 

135 0.86 0.79 0.75 0.74 4.82 4.44 4.27 4.23 10.31 9.74 9.48 9.44 

150 0.68 0.58 0.52 0.50 3.80 3.27 2.97 2.84 8.30 7.33 6.71 6.44 

165 0.50 0.38 0.32 0.29 2.81 2.19 1.83 1.68 6.27 5.03 4.24 3.89 

180 0.41 0.29 0.22 0.20 2.34 1.68 1.31 1.16 5.28 3.92 3.10 2.75 
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Figure 41. Heeling Angle versus Sea Heading in Ochi-Hubble 
Short-Crested Waves for LCU Carrying Half Cargo Deadweight 

Similarly, the LCU heeling angle responses for the Bretschneider spectrum 

and the corresponding plots are shown in Table 8 and Figure 42, respectively. 
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Table 8. Roll Angle Responses in Bretschneider (Tm = 11 sec) Short- 
Crested Sea Waves for LCU Carrying Half Cargo 

Deadweight 

Sea 
Heading 

(Degrees) 

LCU Heeling Angle (Degrees) 

Sea State 2 Sea State 4 Sea State 6 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

0 0.28 0.38 0.51 0.62 1.72 2.34 3.16 3.88 4.57 6.16 8.30 10.17 

15 0.33 0.42 0.55 0.66 2.03 2.62 3.42 4.13 5.35 6.90 8.96 10.79 

30 0.43 0.52 0.64 0.75 2.68 3.25 4.00 4.67 7.00 8.46 10.40 12.16 

45 0.54 0.63 0.74 0.84 3.36 3.89 4.57 5.20 8.68 10.02 11.83 13.50 

60 0.64 0.71 0.80 0.89 3.93 4.37 4.96 5.53 10.02 11.18 12.80 14.33 

75 0.70 0.75 0.82 0.90 4.30 4.62 5.09 5.57 10.88 11.78 13.12 14.43 

90 0.72 0.74 0.79 0.85 4.42 4.60 4.93 5.29 11.17 11.75 12.73 13.75 

105 0.70 0.70 0.72 0.76 4.30 4.33 4.49 4.72 10.88 11.10 11.67 12.33 

120 0.64 0.62 0.62 0.63 3.94 3.82 3.84 3.92 10.04 9.87 10.01 10.31 

135 0.55 0.50 0.48 0.48 3.38 3.13 3.01 2.99 8.70 8.18 7.94 7.92 

150 0.43 0.38 0.35 0.33 2.69 2.36 2.16 2.07 7.04 6.23 5.73 5.51 

165 0.33 0.27 0.23 0.21 2.05 1.67 1.44 1.34 5.41 4.44 3.83 3.56 

180 0.28 0.22 0.18 0.17 1.75 1.36 1.13 1.03 4.65 3.63 3.01 2.75 

 

Figure 42. Heeling Angle versus Sea Heading in Bretschneider 
(Tm = 11 sec) Short-Crested Waves for LCU Carrying Half Cargo 

Deadweight 
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4. Dynamic Stability—LCU with Full Cargo Deadweight 

By importing the full cargo deadweight loading condition, we obtained the 

LCU heeling angle responses for the sea states and ship’s speed as described in 

Table 3. Similar to the previous cases, we derived results using both the Ochi-

Hubble and the Bretschneider spectra models. The heeling angles values for the 

sea-heading angles in the Ochi-Hubble spectra model are provided in Table 9 and 

the corresponding plots are shown in Figure 43.  

Table 9. Roll Angle Responses in Ochi-Hubble Short-Crested Sea 
Waves for LCU Carrying Full Cargo Deadweight 

Sea 
Heading 

(Degrees) 

LCU Heeling Angle (Degrees) 

Sea State 2 Sea State 4 Sea State 6 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

0 0.49 0.73 0.89 0.99 2.73 4.09 5.12 5.76 5.99 8.72 11.23 13.00 

15 0.61 0.83 0.98 1.09 3.35 4.62 5.62 6.33 7.19 9.71 12.18 14.08 

30 0.85 1.05 1.18 1.32 4.60 5.75 6.69 7.51 9.46 11.78 14.22 16.32 

45 1.09 1.27 1.38 1.52 5.82 6.85 7.71 8.59 11.61 13.80 16.19 18.39 

60 1.28 1.43 1.52 1.66 6.76 7.64 8.40 9.29 13.27 15.25 17.50 19.70 

75 1.41 1.51 1.57 1.70 7.35 8.03 8.65 9.48 14.31 15.97 17.96 20.02 

90 1.45 1.51 1.53 1.64 7.55 8.00 8.42 9.14 14.66 15.93 17.51 19.29 

105 1.41 1.41 1.39 1.48 7.36 7.54 7.72 8.28 14.32 15.11 16.15 17.54 

120 1.29 1.24 1.18 1.24 6.78 6.68 6.60 6.96 13.30 13.54 13.96 14.87 

135 1.09 1.00 0.92 0.94 5.85 5.48 5.16 5.30 11.66 11.32 11.10 11.48 

150 0.85 0.73 0.63 0.61 4.65 4.06 3.57 3.48 9.54 8.67 7.89 7.73 

165 0.62 0.48 0.37 0.33 3.42 2.68 2.13 1.88 7.32 5.96 4.84 4.31 

180 0.51 0.35 0.24 0.19 2.83 1.99 1.41 1.15 6.17 4.53 3.30 2.75 
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Figure 43. Heeling Angle versus Sea Heading in Ochi-Hubble 
Short-Crested Waves for LCU Carrying Full Cargo Deadweight 

Likewise, the LCU heeling angle responses for the Bretschneider spectrum 

and the corresponding plots are shown in the Table 10 and Figure 44, respectively. 

  

0

2

4

6

8

10

12

14

16

18

20

22

0 1 5 3 0 4 5 6 0 7 5 9 0 1 0 5 1 2 0 1 3 5 1 5 0 1 6 5 1 8 0 1 9 5

LC
U

 H
e

e
lin

g 
A

n
gl

e
 in

 (
O

)

Sea Heading in (O)

S.S.=2, Vs=0 m/s S.S.=2, Vs=2 m/s

S.S.=2, Vs=4 m/s S.S.=2, Vs=6 m/s

S.S.=4, Vs=0 m/s S.S.=4, Vs=2 m/s

S.S.=4, Vs=4 m/s S.S.=4, Vs=6 m/s

S.S.=6, Vs=0 m/s S.S.=6, Vs=2 m/s

S.S.=6, Vs=4 m/s S.S.=6, Vs=6 m/s



 73 

Table 10. Roll Angle Responses in Bretschneider (Tm = 11 sec) Short-
Crested Sea Waves for LCU Carrying Full Cargo 

Deadweight 

Sea 
Heading 

(Degrees) 

LCU Heeling Angle (Degrees) 

Sea State 2 Sea State 4 Sea State 6 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

0 0.32 0.48 0.63 0.78 1.98 2.93 3.92 4.8 5.185 7.52 10 12.3 

15 0.39 0.53 0.68 0.83 2.37 3.27 4.22 5.13 6.136 8.32 10.8 13.1 

30 0.52 0.66 0.79 0.95 3.19 4.02 4.9 5.84 8.025 10 12.3 14.7 

45 0.67 0.78 0.9 1.06 4.03 4.77 5.56 6.51 9.845 11.7 13.9 16.3 

60 0.78 0.88 0.98 1.13 4.71 5.33 6.01 6.92 11.26 12.9 14.9 17.2 

75 0.86 0.93 1 1.13 5.14 5.61 6.14 6.96 12.16 13.5 15.3 17.4 

90 0.88 0.92 0.96 1.08 5.28 5.58 5.92 6.61 12.47 13.4 14.8 16.6 

105 0.86 0.86 0.87 0.96 5.14 5.24 5.39 5.9 12.17 12.7 13.6 14.9 

120 0.78 0.76 0.74 0.79 4.72 4.62 4.57 4.89 11.29 11.4 11.6 12.5 

135 0.67 0.62 0.58 0.59 4.05 3.77 3.56 3.69 9.883 9.48 9.24 9.58 

150 0.53 0.46 0.4 0.39 3.22 2.82 2.5 2.45 8.084 7.27 6.6 6.48 

165 0.39 0.31 0.26 0.23 2.42 1.94 1.59 1.44 6.234 5.1 4.22 3.83 

180 0.33 0.24 0.19 0.16 2.04 1.52 1.17 1.02 5.316 4.02 3.11 2.73 

 

Figure 44. Heeling Angle versus Sea Heading in Bretschneider 
(Tm = 11 sec) Short-Crested Waves for LCU Carrying Full Cargo 

Deadweight 
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VI. CONCLUSIONS 

A. STATIC STABILITY 

1. Static Stability Assessment 

The static stability of the LCU was considered adequate in all loading cases. 

The static stability was based on the U.S. Navy’s wind-rolling criterion, which was 

met throughout the operational trade space of the LCU. The research focused on 

this criterion, since it is the most significant for the operational conditions the ship 

experiences during short coastal missions. 

2. Lightship Loading 

A LCU in the lightship loading condition demonstrates adequate static 

stability in all sea states; the static stability evaluation is based on the satisfaction 

of the wind-rolling criterion. The LCU meets the minimum requirements of the 

reserve area as well as the maximum wind heeling arm described in Chapter I. 

Because the ship is subjected to relatively low wind forces during its coastal 

missions, the produced wind heeling arm is very low. Given the very low wind 

heeling arm, the ship’s righting arm (GZ) is much higher than the wind heeling arm; 

both meet the requirements of the wind-rolling criterion. Simulations provided 

results of the equilibrium point of wind static stability, at which the righting arm is 

equal to the wind heeling arm. At this point in the sea state 2, the LCU undergoes 

a heeling angle of 0.31 degrees, as shown in Figure 23. The heeling angles at the 

equilibrium state in sea states 4 and 6 are 0.35 and 0.48 degrees, respectively, 

according to Figures 24 and 25. The ship develops a maximum righting arm equal 

to 1.585 m in all sea states in the lightship condition, which plays a critical role in 

ensuring the ship’s adequate static stability. 

3. Half Cargo Deadweight Loading 

In all examined sea states, the LCU passed the wind-rolling criterion when 

carrying half of the maximum allowable cargo deadweight. As with the previous 



 76 

loading condition, the low wind-velocities corresponding to the examined sea state 

conditions produced very low wind heeling arms for the ship. Combined with the 

ship’s much higher righting arm, the LCU satisfies the wind-rolling stability criterion 

requirements. At the equilibrium point in sea states 2, 4, and 6, the ship develops 

a heeling angle equal to 0.33, 0.37, and 0.50 degrees, as demonstrated in Figures 

26, 27, and 28, respectively. In this loading case, the ship develops a righting arm 

of 1.277 m, which is large enough to return the ship to the initial position, and 

contributes to its adequate static stability. 

4. Full Cargo Deadweight Loading  

In the most significant loading case, an LCU with a full cargo deadweight 

load has adequate static stability in all the sea states of our study, satisfying both 

reserve area and heeling arm requirements. In this case, the produced wind 

heeling arm remains very low due to the low wind velocities of these sea states. In 

almost all heeling angles, the ship’s righting arm is higher than the wind heeling 

arm and provides the capability for the ship to return to the equilibrium state. At the 

equilibrium point’s state in sea states 2, 4, and 6, the LCU heeling angle takes 

values of 0.36, 0.39, and 0.52 degrees, respectively, as shown in Figures 29, 30, 

and 31. At the equilibrium points, the LCU also generates a maximum righting arm 

equal to 0.906 m. We observed that the ship’s maximum righting arm was reduced 

as the added weight (in terms of cargo deadweight) increased, which was 

expected and consistent with our theory.  

B. DYNAMIC STABILITY 

1. General Observations 

In both the Ochi-Hubble and the Bretschneider spectra models and in all 

loading cases, the plots of the LCU’s heeling angle against sea heading 

demonstrate common features. The LCU undergoes non-zero heeling angles in a 

sea heading equal to 0 degrees. The heeling angle increases as the sea heading 

increases from 0 to 75, and from180 to 285, then deceases as the sea heading 

takes values within the range of 75 to 180, and 285 to 360 degrees. The LCU is 



 77 

subjected to higher heeling angles while traveling in heading seas (sea with the 

heading in the area of 0 degrees) than while traveling in following seas (when the 

sea heading is in the area of 180 degrees). The ship undergoes the highest heeling 

angles while traveling in sea headings within the ranges of either 60 to 90 or 270 

to 300 degrees. For the lightship, lightship with half cargo deadweight and lightship 

with full cargo deadweight loading cases, those heeling angles’ maximum values 

occur in sea state 6 and are 14, 17, and 20 degrees, shown by the plots in Figures 

39, 41, and 43 in all loading cases, respectively. The results obtained from the two 

spectra are very similar. Since the Ochi-Hubble spectrum is more probable, we 

derived the conclusions based on this spectrum.  

Due to this similarity, these conclusions are also applicable to the 

Bretschneider spectrum with a modal frequency of 11 seconds. Using the 

Bretschneider spectrum for modal frequencies equal to 7 and 15 seconds, the 

simulation results6 of the LCU’s roll responses, provide patterns of heeling angle 

against sea heading very similar to those generated by the Ochi-Hubble spectrum 

model. 

2. Ship Speed Effects 

Ship speed is one of the main parameters of the dynamic stability analysis. 

According to the heeling angle versus sea heading diagrams, we observe that ship 

speed influences the ship’s heeling angle by following certain patterns. For the 

lightship loading and lightship with half cargo deadweight loading conditions and 

sea states above 2, the increase in ship speed causes a heeling angle increase 

for sea headings from 0 to 120 and from 240 to 360 degrees, while causing a 

heeling angle decrease for sea headings from 120 to 240 degrees. For an LCU 

with full cargo deadweight and sea states above 2, the ship speed influence is 

similar; however, the heeling angle increases for sea headings from 0 to 135 and 

from 225 to 360 degrees, and decreases for sea headings from 135 to 225 

degrees. As we can clearly observe in the plots in the sea heading area around 

                                            
6 As indicated in the appendix 
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120 and 240 degrees, the ship speed change does not have any influence on the 

change of ship-generated heeling angles for any given sea state. As the LCU 

approaches this region of sea heading, the ship speed change has decreasing 

influence on the heeling angles’ change. As the LCU moves away from that region, 

the speed change has the opposite effect.  

Another significant observation is that the ship speed effect over its heeling 

angles is greater as the sea state deteriorates, maintaining the same pattern as 

described previously. Therefore, as the ship’s speed changes, the heeling angle 

variations for all the aforementioned sea headings are greater in higher (worse) 

sea states. In sea state 2, this variation is negligible; in sea state 6, it is high. 

3. Sea State Effects 

The most obvious effect of sea states on the ship’s heeling angle is that 

heightened sea states result in higher values of heeling angle throughout the entire 

range of sea headings, dividing the plots into three distinct areas corresponding to 

each examined sea state. Keeping the ship speed and loading condition constant, 

we observed that the sea state influenced both the heeling angle values and the 

variation of those values. In all sea states, the ship undergoes increased heeling 

angles for sea headings ranging from 0 to 75 degrees and from 180 to 285 

degrees; it experiences decreasing heeling angles as sea headings ranging from 

75 to 180 and 285 to 360 degrees. The variations in the heeling angle values are 

greater in higher sea states; as shown in the diagrams, the higher sea state is 

represented by steep curves, while the lower sea states are represented by clearly 

flatter curves. Moreover, as the sea state increases, the ship’s speed effects 

(described earlier) become more intense. 

4. Loading Condition Effects 

Keeping the ship speed and sea state constant, we can observe that in all 

ranges of sea headings the LCU experiences higher heeling angles in the higher 

displacement loading conditions. For example, the LCU’s highest values of heeling 

angle, which were observed in sea state 6 and in ship’s speed 6 m/s, are 14, 17, 



 79 

and 20 degrees for the lightship, half cargo deadweight, and full cargo deadweight 

loading cases, respectively. Furthermore, the higher the displacement of the LCU, 

the more intense the ship-speed effects (discussed earlier). Therefore, for each 

specific ship’s speed and sea state, in the full cargo deadweight loading condition, 

we observed more intense variations of the ship’s heeling angle than in the 

lightship and half cargo deadweight loading conditions. Additionally, the main 

pattern of the heeling angle versus sea heading plots remains the same regardless 

the variants of the loading condition. 

C. OPERATIONAL RECOMMENDATIONS FOR THE LCU 

A further objective of this study is to provide practical recommendations that 

can be used as an operational guide for the LCU. According to the conclusions 

described previously, we can derive some particular directions for facilitating a 

safer and more effective way for the LCU to perform its coastal missions. 

Generally, it is recommended that the ship’s operators favor following seas over 

heading seas when this is possible, as the ship is less susceptible to higher heeling 

angles in those conditions. When the ship operates in sea states 2 or lower, no 

specific recommendations are required since it is subjected to very low heeling 

angles in all loading conditions and sea headings. To mitigate the negative effect 

of the highest heeling angle values, it is recommended that the ship operators 

avoid sea headings in the regions 60 to 90, and 270 to 300 degrees, if possible, in 

sea states greater than 2 (when the ship experiences higher heeling angles 

depending on sea heading). The higher the sea state, the stronger this 

recommendation.  

Another significant recommendation is associated with the ship’s speed, 

combined with sea headings. Assuming that the objective of a ship’s operators is 

to mitigate the heeling angles the ship undergoes, the study suggests certain ship 

speed adjustments in order to achieve this objective for various loading conditions 

and sea states. For the lightship and half cargo deadweight loading conditions, 

and in sea states 4 and 6, if the ship operates keeping sea headings 0 to 120 and 
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240 to 360 degrees, it is recommended the operators reduce speed or maintain 

ship’s speed close to 4 knots (if feasible). If the LCU operates while keeping the 

sea heading 120 to 240 degrees, then the operators should reduce speed or 

maintain speed close to 11 knots, if possible. Likewise, for the full cargo 

deadweight loading case, if the LCU operates at a sea heading 0 to 135 or 225 to 

360 degrees, it is recommended that the ship’s speed be reduced or maintained 

close to 4 knots. The ship’s speed should be increased or kept close to 11 knots 

in cases where the ship operates at sea headings of 135 to 225 degrees, if these 

are maritime allowed. All the preceding recommendations for mitigating the heeling 

angles that an LCU undergoes are summarized as a practical operational guide in 

Table 11.  
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Table 11. LCU Sea Heading and Speed Operational Guide 
 (Conditions Permitting) 

                Selected 

                Variables 

Given 

Variables 

 

Sea Heading 

(Degrees) 

 

Ship Speed 

(Knots) 

L
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a
lf

 C
a
rg

o
 

D
e
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a
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e
s

   Sea Heading  

0–120 and 240–360 

Sea Heading  

120–240  

Sea 

State 2 

 

- 

 

- 

 

- 

Sea 

State 4 

Avoid sea headings 

60 – 90 and 270 – 300 

Reduce or maintain 

speed close to 4  

Increase or maintain 

speed close to 11  

Sea 

State 6 

Avoid sea headings 

60 – 90 and 270 – 300  

Reduce or maintain 

speed close to 4  

Increase or maintain 

speed close to 11  

F
u

ll
 C

a
rg

o
 D

e
a
d

w
e
ig

h
t 

L
o

a
d

in
g

 C
a
s
e

 

  

 

Sea Heading 

0–135 and 225–360 

Sea Heading 

135–225 

Sea 

State 2 - 

 

- 

 

- 

Sea 

State 4 

Avoid sea headings 

60 – 90 and 270 – 300 

Reduce or maintain 

speed close to 4  

Increase or maintain 

speed close to 11  

Sea 

State 6 

Avoid sea headings 

60 – 90 and 270 – 300  

Reduce or maintain 

speed close to 4  

Increase or maintain 

speed close to 11 

 

The operational recommendations for the various loading conditions and 

sea states in Table 11 are better visualized in the polar diagrams. In these 

diagrams, the radial component represents the sea states (4 to 6 here), while the 

angular component represents the heading. Figure 45 shows the recommended 

actions for the LCU operators in the lightship and the half deadweight loading 

cases in sea states 4 and 6, for any possible sea heading. Likewise, Figure 46 

provides the operational recommendations for the LCU carrying a full cargo 

deadweight in the same sea state conditions. Further results should refine 

recommended actions for regions of other sea states as well. 
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Figure 45. Sea Headings Based Operational Polar Diagram for 
LCU Lightship and Lightship with Half Cargo Deadweight in Sea 

States 4 and 6 

 

Figure 46. Sea Headings Based Operational Polar Diagram for 
LCU Carrying Full Cargo Deadweight in Sea States 4 and 6   
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D. FUTURE WORK 

This study’s outcomes correspond with the most likely conditions related to 

the usual LCU coastal missions. The research modeled these conditions, which 

are associated with the ship’s loading cases, as well as actual coastal sea features. 

An LCU’s stability performance has been found to be dependent on the sea state, 

sea heading, ship’s loading condition, and speed. The research examined only the 

intact stability of the craft, operating within a certain set of values of the stability 

influencing factors, as just mentioned. 

Any future work should focus on the examination of the effects of potential 

hull adjustments on the intact LCU dynamic responses in a similarly modeled 

coastal water environment. One of those adjustments could be the addition of 

appendages, such as passive stabilization fins in the bottom of the ship’s hull. 

Another adjustment could be the modification of the craft tanks in order to mitigate 

the free surface effect. It is highly probable that these adjustments will improve the 

ship’s dynamic responses by reducing the resulting rolling angles. Future work 

should keep the loading conditions and the sea environment parameters as 

established in this research, as they define the most realistic trade space of the 

LCU’s usual missions. 

Finally, future research could examine the damage stability of the LCU. For 

example, such research could examine the static and dynamic responses of the 

craft during a flooding event due to an enemy hit. As stated earlier, it is 

recommended any future research keep the same operational trade space. Such 

a study could contribute to an LCU survivability assessment during its usual 

missions.  
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APPENDIX 

A. MATLAB CODE FOR DETERMINATION OF THE WIND-ROLLING 
STATIC STABILITY EQUILIBRIUM FOR ALL LCU LOADING CASES 

 
% Wind-Rolling Static Stability Equilibrium Determination Based on the Equation 
% GZ(θ)= WHA(θ) 
 
% A: Ship’s Projected Area in m^2 
% D: Ship’s Displacement in MT 
% L: Distance between Projected Area and Hull Profile Centroids in m 
% GM: Ship’s Metacentric Height in m 
% Vk: Wind Velocity in Knots 
% theta: Static Stability Equilibrium Heeling Angle in Degrees 
  
  
% (1) LCU Lightship Loading Case 
 
clear all 
% Variables Initialization 
A1 = 151; 
D1 = 257; 
L1 = 2.134; 
bar_scale = [0:0.02:2.134]; 
iGM = 0; 
GMmin = 1; 
GMmax = 6; 
strGMmin = num2str(GMmin);  
strGMmax = num2str(GMmax); 
for GM = GMmin:1:GMmax; 
 iGM = iGM + 1; 
 GM_vector(iGM) = GM; 
 iVk = 0; 
 for Vk = 1:0.1:60, 
  iVk = iVk + 1; 
  % Coefficient of the Equation “WHA(θ)=(Coef)*(cosθ)^2” 
  % WHA(θ)= [0.0171*Vk^2*A*L/(1000*D)]*(cosθ)^2 
  Coef = 0.0171*Vk*Vk*A1*L1/(1000*D1); 
  % Equilibrium: GM*sinθ=WHA(θ) 
  C = Coef/GM; 
  % Determines the Equilibrium Heeling Angle 
  sin1 = (-1+sqrt(1+4*C*C))/(2*C); 
  theta = 57.3*asin(sin1); 
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  Vk_vector(iVk) = Vk; 
  theta_vector(iGM,iVk) = theta; 
 end 
end 
 
figure(1) 
% Provides Graphical Metacentric Height Values for Various  
% Equilibrium States Given by Various Combinations of Heeling  
% Angles and Wind Velocities 
plot(Vk_vector,theta_vector,’LineWidth’,2),grid 
ylabel(‘Static Heel Angle\theta (deg)’) 
xlabel(‘Wind Speed (knots)’) 
title([‘LCU-LIGHTSHIP GM from ‘,strGMmin,’ m to ‘,strGMmax,’ m - Small Angles 
Approximation’]) 
legend(‘GM=1m’,’GM=2m’,’GM=3m’,’GM=4m’,’GM=5m’,’GM=6m’) 
 
  
figure(2) 
 
% Provides Graphical Heeling Angle Values for Various Equilibrium 
% States Given by Various Combinations of Metacentric Heights and 
% Wind Velocities 
contourf(Vk_vector,GM_vector,theta_vector,bar_scale),colorbar 
xlabel(‘Wind Speed (knots)’),ylabel(‘GM (m)’) 
title(‘LCU-LIGHTSHIP Static Heel Angle\theta (deg) - Small Angles 
Approximation’) 
shading flat 
  
  
% (2) LCU with Half Cargo Deadweight Loading Case 
 
clear all 
% Variables Initialization 
A2 = 151; 
D2 = 314; 
L2 = 2.134; 
bar_scale = [0:0.02:2.134]; 
iGM = 0; 
GMmin = 1; 
GMmax = 6; 
strGMmin = num2str(GMmin);  
strGMmax = num2str(GMmax); 
for GM = GMmin:1:GMmax; 
 iGM = iGM + 1; 
 GM_vector(iGM) = GM; 
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 iVk = 0; 
 for Vk = 1:0.1:60, 
  iVk = iVk + 1; 
  % Coefficient of the Equation “WHA(θ)=(Coef)*(cosθ)^2” 
  % WHA(θ)= [0.0171*Vk^2*A*L/(1000*D)]*(cosθ)^2 
  Coef = 0.0171*Vk*Vk*A2*L2/(1000*D2); 
  % Εquilibrium: GM*sinθ=WHA(θ) 
  C = Coef/GM; 
  % Determines the Equilibrium Heeling Angle 
  sin1 = (-1+sqrt(1+4*C*C))/(2*C); 
  theta = 57.3*asin(sin1); 
  Vk_vector(iVk) = Vk; 
  theta_vector(iGM,iVk) = theta; 
 end 
end 
 
figure(3) 
% Provides Graphical Metacentric Height Values for Various  
% Equilibrium States Given by Various Combinations of Heeling  
% Angles and Wind Velocities 
plot(Vk_vector,theta_vector,’LineWidth’,2),grid 
ylabel(‘Static Heel Angle\theta (deg)’) 
xlabel(‘Wind Speed (knots)’) 
title([‘LCUHALF CARGO GM from ‘,strGMmin,’ m to ‘,strGMmax,’ m - Small Angles 
Approximation’]) 
legend(‘GM=1m’,’GM=2m’,’GM=3m’,’GM=4m’,’GM=5m’,’GM=6m’) 
 
 figure(4) 
% Provides Graphical Heeling Angle Values for Various Equilibrium 
% States Given by Various Combinations of Metacentric Heights and 
% Wind Velocities 
contourf(Vk_vector,GM_vector,theta_vector,bar_scale),colorbar 
xlabel(‘Wind Speed (knots)’),ylabel(‘GM (m)’) 
title(‘LCUHALF CARGO Static Heel Angle\theta (deg) - Small Angles 
Approximation’) 
shading flat 
  
  
% (3) LCU Carrying Full Cargo Deadweight Loading Case 
 
clear all 
% Variables Initialization 
A3 = 151; 
D3 = 371; 
L3 = 2.134; 
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bar_scale = [0:0.02:2.134]; 
iGM = 0; 
GMmin = 1; 
GMmax = 6; 
strGMmin = num2str(GMmin);  
strGMmax = num2str(GMmax); 
for GM = GMmin:1:GMmax; 
 iGM = iGM + 1; 
 GM_vector(iGM) = GM; 
 iVk = 0; 
 for Vk = 1:0.1:60, 
  iVk = iVk + 1; 
  % Coefficient of the Equation “WHA(θ)=(Coef)*(cosθ)^2” 
  % WHA(θ)= [0.0171*Vk^2*A*L/(1000*D)]*(cosθ)^2 
  Coef = 0.0171*Vk*Vk*A3*L3/(1000*D3); 
  % Equilibrium: GM*sinθ=WHA(θ) 
  C = Coef/GM; 
  % Determines the Equilibrium Heeling Angle 
  sin1 = (-1+sqrt(1+4*C*C))/(2*C); 
  theta = 57.3*asin(sin1); 
  Vk_vector(iVk) = Vk; 
  theta_vector(iGM,iVk) = theta; 
 end 
end 
 
figure(5) 
% Provides Graphical Metacentric Height Values for Various  
% Equilibrium States Given by Various Combinations of Heeling  
% Angles and Wind Velocities 
plot(Vk_vector,theta_vector,’LineWidth’,2),grid 
ylabel(‘Static Heel Angle\theta (deg)’) 
xlabel(‘Wind Speed (knots)’) 
title([‘LCU FULL CARGO GM from ‘,strGMmin,’ m to ‘,strGMmax,’ m - Small Angles 
Approximation’]) 
legend(‘GM=1m’,’GM=2m’,’GM=3m’,’GM=4m’,’GM=5m’,’GM=6m’) 
 
 figure(6) 
% Provides Graphical Heeling Angle Values for Various Equilibrium 
% States Given by Various Combinations of Metacentric Heights and 
% Wind Velocities 
contourf(Vk_vector,GM_vector,theta_vector,bar_scale),colorbar 
xlabel(‘Wind Speed (knots)’),ylabel(‘GM (m)’) 
title(‘LCU FULL CARGO Static Heel Angle\theta (deg) - Small Angles 
Approximation’) 
shading flat 



 89 

B. ROLL ANGLE RESPONSES IN BRETSCHNEIDER SPECTRUM FOR 
LCU LIGHTSHIP 

Table 12. Roll Angle Responses in Bretschneider (Tm = 7 sec) Short-
Crested Sea Waves for LCU Lightship 

Sea 
Heading 

(Degrees) 

LCU Heeling Angle (Degrees) 

Sea State 2 Sea State 4 Sea state 6 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

0 0.43 0.56 0.75 0.88 2.65 3.49 4.65 5.48 7.02 9.19 12.19 14.36 

15 0.51 0.65 0.82 0.95 3.20 4.02 5.13 5.95 8.44 10.55 13.42 15.56 

30 0.70 0.83 0.99 1.12 4.36 5.16 6.17 6.96 11.34 13.38 16.04 18.13 

45 0.90 1.01 1.16 1.28 5.56 6.28 7.20 7.95 14.26 16.14 18.60 20.62 

60 1.06 1.15 1.28 1.38 6.53 7.13 7.92 8.60 16.57 18.19 20.38 22.26 

75 1.16 1.23 1.32 1.41 7.15 7.59 8.20 8.77 18.03 19.28 21.08 22.71 

90 1.20 1.23 1.29 1.36 7.36 7.60 8.01 8.44 18.53 19.33 20.63 21.91 

105 1.16 1.16 1.18 1.23 7.16 7.18 7.36 7.63 18.05 18.33 19.05 19.88 

120 1.06 1.02 1.01 1.03 6.54 6.35 6.30 6.41 16.61 16.34 16.44 16.80 

135 0.90 0.84 0.80 0.79 5.58 5.19 4.96 4.92 14.13 13.51 13.06 13.00 

150 0.71 0.62 0.56 0.54 4.39 3.86 3.51 3.37 11.41 10.16 9.13 8.95 

165 0.52 0.42 0.36 0.33 3.24 2.63 2.23 2.04 8.53 6.97 5.95 5.45 

180 0.43 0.33 0.26 0.23 2.70 2.04 1.64 1.45 7.13 5.43 4.37 3.87 
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Figure 47. Heeling Angle versus Sea Heading in Bretschneider 
(Tm = 7 sec) Short-Crested Waves for LCU Lightship 

Table 13. Roll Angle Responses in Bretschneider (Tm = 15 sec) Short-
Crested Sea Waves for LCU Lightship 

Sea 
Heading 

(Degrees) 

LCU Heeling Angle (Degrees) 

Sea State 2 Sea State 4 Sea state 6 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

0 0.16 0.19 0.24 0.28 0.99 1.18 1.47 1.74 2.64 3.15 3.92 4.64 

15 0.18 0.21 0.26 0.30 1.12 1.31 1.59 1.86 2.98 3.49 4.24 4.94 

30 0.23 0.26 0.30 0.34 1.41 1.60 1.86 2.11 3.75 4.25 4.95 5.63 

45 0.28 0.30 0.34 0.38 1.73 1.90 2.14 2.38 4.59 5.05 5.69 6.32 

60 0.32 0.34 0.38 0.41 1.99 2.14 2.34 2.55 5.30 5.68 6.23 6.79 

75 0.35 0.36 0.39 0.42 2.17 2.27 2.43 2.60 5.76 6.04 6.46 6.93 

90 0.36 0.37 0.38 0.40 2.23 2.28 2.38 2.51 5.93 6.06 6.34 6.69 

105 0.35 0.35 0.35 0.37 2.17 2.17 2.21 2.29 5.77 5.76 5.89 6.10 

120 0.32 0.31 0.31 0.31 2.00 1.94 1.93 1.96 5.31 5.17 5.14 5.23 

135 0.28 0.26 0.25 0.25 1.73 1.63 1.58 1.57 4.60 4.35 4.21 4.19 

150 0.23 0.21 0.19 0.19 1.41 1.29 1.21 1.18 3.76 3.44 3.23 3.14 

165 0.18 0.16 0.15 0.14 1.12 0.99 0.91 0.87 3.00 2.64 2.42 2.32 

180 0.16 0.14 0.13 0.12 1.00 0.87 0.79 0.75 2.66 2.31 2.10 2.00 
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Figure 48. Heeling Angle versus Sea Heading in Bretschneider 
(Tm = 15 sec) Short-Crested Waves for LCU Lightship 
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C. ROLL ANGLE RESPONSES IN BRETSCHNEIDER SPECTRUM FOR LCU 
PLUS HALF CARGO DEADWEIGHT LOADING CASE 

Table 14. Angle Responses in Bretschneider (Tm = 7 sec) Short-
Crested Sea Waves LCU Carrying Half Cargo Deadweight 

Sea 
Heading 

(Degrees) 

LCU Heeling Angle (Degrees) 

Sea State 2 Sea State 4 Sea state 6 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

0 0.51 0.72 0.98 1.16 3.14 4.48 6.06 7.14 8.13 11.36 15.32 18.11 

15 0.62 0.83 1.08 1.25 3.85 5.13 6.65 7.70 9.80 12.89 16.71 19.48 

30 0.87 1.06 1.29 1.45 5.30 6.50 7.91 8.92 13.06 15.98 19.63 22.40 

45 1.11 1.29 1.50 1.65 6.73 7.82 9.12 10.09 16.19 18.89 22.38 25.16 

60 1.32 1.46 1.64 1.77 7.86 8.79 9.94 10.83 18.57 20.97 24.22 26.89 

75 1.45 1.55 1.69 1.80 8.56 9.28 10.22 10.99 20.04 22.03 24.88 27.29 

90 1.49 1.55 1.64 1.72 8.81 9.26 9.93 10.51 20.54 22.02 24.29 26.26 

105 1.45 1.45 1.49 1.54 8.57 8.72 9.08 9.44 20.06 20.92 22.45 23.83 

120 1.32 1.27 1.26 1.27 7.88 7.71 7.75 7.87 18.61 18.76 19.43 20.12 

135 1.12 1.03 0.98 0.96 6.76 6.30 6.04 5.97 16.24 15.63 15.42 15.46 

150 0.87 0.75 0.67 0.64 5.34 4.63 4.17 3.97 13.14 11.81 10.87 10.44 

165 0.64 0.49 0.40 0.36 3.91 3.05 2.49 2.23 9.94 8.00 6.59 5.94 

180 0.52 0.37 0.27 0.22 3.22 2.28 1.67 1.39 8.32 6.03 4.44 3.71 
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Figure 49. Heeling Angle versus Sea Heading in Bretschneider 
(Tm = 7 sec) Short-Crested Waves for LCU Carrying Half Cargo 

Deadweight 

Table 15. Roll Angle Responses in Bretschneider (Tm = 15 sec) Short-
Crested Sea Waves for LCU Carrying Half Cargo 

Deadweight 

Sea 
Heading 

(Degrees) 

LCU Heeling Angle (Degrees) 

Sea State 2 Sea State 4 Sea state 6 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

0 0.17 0.22 0.30 0.36 1.07 1.39 1.84 2.24 2.86 3.70 4.88 5.96 

15 0.20 0.25 0.32 0.38 1.24 1.55 1.98 2.38 3.28 4.12 5.26 6.31 

30 0.26 0.31 0.37 0.43 1.60 1.90 2.31 2.68 4.23 5.03 6.11 7.10 

45 0.32 0.36 0.42 0.48 1.98 2.26 2.63 2.99 5.24 5.97 6.96 7.89 

60 0.37 0.41 0.46 0.51 2.31 2.54 2.86 3.18 6.06 6.68 7.54 8.39 

75 0.41 0.43 0.47 0.51 2.52 2.69 2.94 3.20 6.59 7.05 7.75 8.46 

90 0.42 0.43 0.46 0.49 2.59 2.68 2.85 3.05 6.78 7.04 7.53 8.07 

105 0.41 0.41 0.42 0.44 2.52 2.53 2.61 2.73 6.60 6.65 6.91 7.25 

120 0.37 0.36 0.36 0.37 2.31 2.24 2.24 2.29 6.07 5.92 5.95 6.09 

135 0.32 0.30 0.29 0.29 1.99 1.85 1.79 1.78 5.25 4.92 4.76 4.73 

150 0.26 0.23 0.21 0.20 1.61 1.43 1.32 1.28 4.25 3.79 3.51 3.40 

165 0.20 0.17 0.15 0.14 1.25 1.05 0.93 0.88 3.31 2.80 2.49 2.36 

180 0.17 0.14 0.12 0.12 1.09 0.89 0.78 0.73 2.89 2.37 2.07 1.95 
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Figure 50. Heeling Angle versus Sea Heading in Bretschneider 
(Tm = 15 sec) Short-Crested Waves for LCU Carrying Half Cargo 

Deadweight 
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D. ROLL ANGLE RESPONSES IN BRETSCHNEIDER SPECTRUM FOR 
LCU PLUS FULL CARGO DEADWEIGHT LOADING CASE 

Table 16. Roll Angle Responses in Bretschneider (Tm = 7 sec) Short-
Crested Sea Waves for LCU Carrying Full Cargo 

Deadweight 

Sea 
Heading 

(Degrees) 

LCU Heeling Angle (Degrees) 

Sea State 2 Sea State 4 Sea state 6 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

0 0.62 0.94 1.21 1.39 3.76 5.67 7.31 8.44 9.28 13.49 17.68 20.65 

15 0.77 1.07 1.32 1.52 4.64 6.40 7.98 9.19 11.07 15.00 19.14 22.29 

30 1.08 1.35 1.58 1.80 6.33 7.90 9.39 10.73 14.44 18.06 22.17 25.60 

45 1.39 1.63 1.83 2.06 7.92 9.34 10.76 12.18 17.53 20.90 24.99 28.59 

60 1.64 1.84 2.00 2.23 9.12 10.37 11.68 13.09 19.81 22.88 26.85 30.45 

75 1.81 1.95 2.06 2.27 9.86 10.90 12.00 13.32 21.19 23.88 27.53 30.92 

90 1.86 1.94 1.99 2.17 10.12 10.86 11.68 12.81 21.65 23.85 26.95 29.95 

105 1.81 1.82 1.82 1.95 9.87 10.28 10.73 11.59 21.21 22.79 25.11 27.51 

120 1.65 1.60 1.54 1.62 9.14 9.17 9.21 9.76 19.85 20.68 22.01 23.63 

135 1.40 1.29 1.19 1.22 7.96 7.60 7.25 7.45 17.60 17.56 17.76 18.47 

150 1.09 0.94 0.82 0.79 6.39 5.69 5.03 4.88 14.55 13.60 12.71 12.50 

165 0.79 0.61 0.47 0.41 4.74 3.76 2.93 2.55 11.26 9.43 7.68 6.75 

180 0.64 0.45 0.29 0.23 3.90 2.75 1.84 1.41 9.55 7.13 4.88 3.75 
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Figure 51. Heeling Angle versus Sea Heading in Bretschneider 
(Tm = 7 sec) Short-Crested Waves LCU Carrying Full Cargo 

Deadweight 

Table 17. Roll Angle Responses in Bretschneider (Tm = 15 sec) Short-
Crested Sea Waves for LCU Carrying Full Cargo 

Deadweight 

Sea 
Heading 

(Degrees) 

LCU Heeling Angle (Degrees) 

Sea State 2 Sea State 4 Sea state 6 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

Vs=0 
m/s 

Vs=2 
m/s 

Vs=4 
m/s 

Vs=6 
m/s 

0 0.19 0.28 0.36 0.45 1.20 1.71 2.26 2.77 3.18 4.49 5.94 7.28 

15 0.23 0.31 0.39 0.47 1.42 1.90 2.43 2.95 3.72 4.98 6.37 7.74 

30 0.30 0.38 0.45 0.54 1.87 2.32 2.80 3.35 4.88 6.04 7.33 8.73 

45 0.38 0.45 0.51 0.60 2.35 2.75 3.19 3.73 6.06 7.10 8.28 9.67 

60 0.45 0.50 0.56 0.64 2.74 3.08 3.44 3.97 6.99 7.87 8.91 10.25 

75 0.49 0.53 0.57 0.64 2.99 3.24 3.52 3.99 7.57 8.26 9.11 10.31 

90 0.51 0.53 0.55 0.61 3.08 3.23 3.40 3.79 7.77 8.23 8.83 9.83 

105 0.49 0.49 0.50 0.54 3.00 3.03 3.10 3.38 7.58 7.77 8.08 8.82 

120 0.45 0.43 0.42 0.45 2.75 2.67 2.64 2.81 7.00 6.91 6.92 7.39 

135 0.38 0.36 0.33 0.34 2.36 2.20 2.08 2.14 6.08 5.73 5.49 5.66 

150 0.31 0.27 0.24 0.23 1.89 1.66 1.49 1.46 4.92 4.38 3.96 3.89 

165 0.23 0.19 0.16 0.15 1.44 1.18 1.00 0.93 3.78 3.13 2.67 2.47 

180 0.20 0.15 0.13 0.12 1.23 0.96 0.79 0.72 3.25 2.55 2.11 1.93 
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Figure 52. Heeling Angle versus Sea Heading in Bretschneider 
(Tm = 15 sec) Short-Crested Waves LCU Carrying Full Cargo 
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